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A b s t r a c t
In  m a m m a l i a n  c e l l s ,  t h e  h e a t  s h o c k  
r e s p o n s e  i s  m e d i a t e d  b y  t h e  h e a t  s h o c k  
t r a n s c r i p t i o n  f a c t o r  H S F 1  t h a t  f o r m s  
a c t i v e ,  D N A - b i n d i n g  h o m o t r i m e r s  d u r i n g  
t e m p e r a t u r e  s t r e s s .  T h e  s u b c e l l u l a r  
l o c a l i z a t i o n  o f  t h e  i n a c t i v e  f o r m  o f  H S F 1  
h a s  b e e n  o f  g r e a t  i n t e r e s t  f o r  t h e  
p o t e n t i a l  i m p l i c a t i o n s  i n  s i g n a l i n g  i n  t h i s  
s y s t e m .
I h a v e  d e t e c t e d  t h e  i n a c t i v e  f o r m  o f  H S F 1  
m o s t l y  i n t h e  n u c l e u s  o f  d i v e r s e
m a m m a l i a n  c e l l  l i n e s .  H o w e v e r ,  I h a v e  
f o u n d  t h a t  H S F 1  i s  n o t  c o n f i n e d  t o  t h e  
n u c l e u s ,  b u t  c o n t i n u o u s l y  s h u t t l e s  b e t w e e n  
t h e  n u c l e u s  a n d  t h e  c y t o p l a s m  a t  a
m i n i m u m  r a t e  o f  1 m o l e c u l e  s e c  A
p o s s i b l e  l i n k  o f  s h u t t l i n g  w i t h  t h e  
f u n c t i o n a l  s t a t e  o f  H S F 1  i s  s u g g e s t e d  b y  
t h e  o b s e r v a t i o n  t h a t  t h e  s h u t t l i n g  c y c l e  i s  
d i s c o n t i n u e d  d u r i n g  m i l d  h e a t  s t r e s s  a n d  
r e s u m e s  p r o m p t l y  d u r i n g  s t r e s s
r e l a x a t i o n .  A s i m i l a r  b l o c k  o f  n u c l e a r  
e x p o r t  i s  o b s e r v e d  f o r  d e r e g u l a t e d
m u t a n t s  o f  H S F 1  t h a t  t r i m e r i z e  a t  3 7  °C,
s u g g e s t i n g  t h a t  t h e  t r i m e r i z a t i o n  s t e p  
i n h i b i t s  a n  e x p o r t  a c t i v i t y  .
By  m u t a t i o n a l  a n a l y s i s  I s h o w e d  t h a t  
H S F 1  c o n t a i n s  a n  u n u s u a l  b i p a r t i t e  n u c l e a r  
l o c a l i z a t i o n  s i g n a l .  O n g o i n g  e x p e r i m e n t s  
a r e  d e f i n i n g  s e q u e n c e  r e q u i r e m e n t s  f o r  
n u c l e a r  e x p o r t ,  m o s t  p r o b a b l y  o n  a
p a t h w a y  d i s t i n c t  f r o m  E x p o r t i n - 1  a s  
j u d g e d  f r o m  t h e  r e f r a c t o r i n e s s  o f  n u c l e a r  
e x p o r t  o f  H S F 1  t o  L e p t o m y c i n  B.
I d i s c u s s  a p o s s i b l e  r o l e  o f  s h u t t l i n g  i n  
c o m p a r t m e n t  s p e c i f i c  m o d i f i c a t i o n s  o f  
H S F 1  o r  a s s o c i a t i o n s  w i t h  c o - f a c t o r s .
A bbreviations
HSF - heat shock transcription factor 
Hsp(s) - heat shock protein(s)
HSE -heat shock element 
NLS - nuclear localization signal 
NES - nuclear export signal 
NPC - nuclear pore complex 
NPc - nucleoplasmin core protein 
GFP - green fluorescent protein 
PK - pyruvate kinase 
LMB - LeptomycinB
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1INTRODUCTION 
H e at  s h o c k  r e s p o n s e
Organisms as diverse as bacter ia and man respond to 
e levated t e m p e ra tu r e  and to a variety of chemical  and 
phys io logica l  stresses by expressing a family of h ighly  related 
p ro te in s  referred to as heat  shock p ro te ins  (hsps) .  This 
p h e n o m e n o n  is called ' the heat  shock r e s p o n s e  and was 
origin ally ident i f ied in Drosophila  larvae exposed to elevated 
t e m p e r a t u r e  or chemicals  (Ritossa,  1962). These t r ea tmen ts  
i n d u c e d  specific puffs on the poly ten e chromosomes that  
were found to cor respond to heat shock gene loci. Subsequent  
s t ud i es  revealed that  the expression of hsps in Eukaryotes  is 
in duc ib ly  regulated by a variety of cond i t i ons  that  can be 
broadly  categor ized in three classes: en v i ro n m e n ta l  stress, 
phys io log ica l  stress and nonst ress  c on d i t i ons  (Morimoto et 
al., 1996). Envi ronmenta l  stress inc ludes  exposure of cells to 
heat  shock,  heavy metals and chemicals  such as metabol ic 
poi sons  (amino acid analogues and inh ib i to r s  of energy 
metabo l i sm) .  Physiological  stress inc ludes  the cel lular  
r esponse induced by bacter ial  and viral infec t ion,  t issue 
t r au m a  and ischemia or fever and in f lammat ion .  The synthesis  
of hsps can also be modula ted  u n d e r  non -stress c ond i t io ns  
such as progression t h r o u g h  the cell cycle, de ve lopm en t  and 
d i f fe ren t i a t ion  and by certain oncogenes.  It is believed that  
hsps  exert the i r  biological  r u l e  acting as molecular  chaperones
2involved in protein  folding,  t r an sp o r t ,  h igher  order  assembly 
or deg ra da t io n .  Therefore,  thei r  role d u r in g  the  heat  stress is 
es sent i a l  to ensure survival  by p r ev en t i ng  and repai r ing 
p ro te in  damage caused by d é n a tu r a t i o n  and aggregat ion 
(Welch,  1993; Parsell et al.t 1994). Moreover,  some members of 
hsp family are synthesized c o n s t i t u t i ve ly  u n d e r  normal  
c o n d i t i o n s  of growth faci l i ta t ing correct  folding,  t r ans por t  
and local izat ion of mature  prote ins .  The fact that  hsps are 
h i gh ly  conserved in evolut ion suggests  an essent ial  role for 
cell survival .
R e g u l a t i o n  o f  t h e  h e a t  s h o c k  r e s p o n s e  in 
B a c t e r i a
In Escherichia coli, the genes encoding hsps are un der  
the  con t rol  of a specific t r ansc r ip t ion  factor,  c 32, which is the 
key regula tor  of the heat shock response (Georgopoulos  et al.t 
1996).  a 32 is encoded by the rpoH  gene and its t r ansc r ip t ion  
is not induced  when the t e m per a tu r e  is raised from 37°C to 
42 °C. However,  at extreme te mp era tu res  (>50°C), another  
sigma factor,  o E» directs  RNA polymerase to one of the four 
p rom ot e r s  that  con t rol  expression of rpoH  (Grossman et al., 
1984; Erickson et al., 1987). Under  normal  growth con d i t io ns  
( 3 7 °C), a 32 is present  at low level,  but  upon a t e mp era tu re  
shif t  to 42°C, a 32 accumula tes  and directs  core RNA
polymerase  to the p romoters  of hsp genes (Tilly et al., 1989). 
Earlier s tudies  have shown that  both increased synthesis  and 
s tabi l i ty  accoun t  for accumulat ion  of a 32. Moreover,  the
3act iv i ty  and the association of o 32 with RNA polymerase are 
also subjected to heat shock regu la t ion .  Genetic and 
biochemical  evidence revealed that  this r egula t ion is achieved 
t h r o u g h  in te rac t ion  of o 32 with DnaK, DnaJ, GrpE and HflB 
(Straus et al., 1987, 1989). At normal  t e m p e r a t u r e  these hsps 
sequester  and target  o 32 for degr ada t ion .  During heat  stress,
no n -n a t i v e  p ro te ins  would accumula te  and t i t ra te  DnàK, DnaJ,
GrpE and HflB away from c 32. In this  way, o 32 would be free 
to associate with core RNA polymerase and target  it to the 
p r om ote rs  of hsp genes. Since Dn aK, DnaJ, GrpE and HflB
them selves are unde r  t r a ns c r ip t io na l  con t rol  of o32, there 
seems to be a negat ive feedback regula t ion of the heat shock 
response  in E. coli (Figure 1). It has been known that  dur ing  
th e  heat stress,  increased synthesis  of o 32 is regula ted at the 
level of t r ans la t ion ,  but only recent ly ,  Morita and col leagues 
(Mori ta  et al., 1999b),  showed that  the  secondary s t r uc t u re  of 
rpoH  mRNA itself  is a the rmosensor .  Previously,  it was 
p roposed  that  a 5‘ region of rpoH  mRNA forms a secondary
s t r u c t u r e  which inh ib i ts  r ibosome b ind ing  at 37 °C. Stress
c o n d i t i o n s ,  such as heat shock, would lead to the d i s rup t i on  
of secondary s t r uc tu re ,  r ibosome b ind ing  and enhanced
t r ans l a t ion  of rpoH  message.  This hypo t he s i s  is su pp or ted  by 
extensive exper imenta l  data  and by the fact that  the
p red ic ted  secondary s t ruc t u re  is conserved among many
species of bacteria (Yuzawa et al., 1993; 1995; Morita et al., 
1999a).  Although at present  it is believed that  the in t r ins ic  
s tabi l i ty  of rpoH  mRNA secondary s t r u c t u re  regula tes  heat 
shock response in bacter ia,  it not clear whe ther  o ther  RNA or
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Figure 1. Schematic model showing a negative feedback control of 
the heat shock response in E.coll exerted by heat shock proteins
assoriartnn with RNA polymerase (E). Heat shock proteins feedback 
negatively on a32 at three levels: synthesis, stability and activity o
o32.
4p ro te in  factors are involved.  A similar mechanism has also 
been proposed for other  mRNAs which can func t ion  as 
phys io log ica l  sensors of high or low te m p e r a tu r e  (Hoe and 
G o u g e n , 1993; Altuvia et al., 1989). It is however in te res t ing  
t h a t  this regula tory  pathway mediated by o 32 may not be 
u t i l i zed for heat shock response in all bacteria.
R e g u l a t i o n  o f  t h e  h e a t  s h o c k  r e s p o n s e  in 
E u k a r y o t e s
In Eukaryotes ,  expression of hsps is u n d e r  cont rol  of a 
sequence-speci f ic  r egula tory  p ro te in ,  heat  shock t ransc r ip t ion  
factor (HSF). HSF acts th rough  a regula tory  region of heat 
shock genes termed heat shock element  (HSE). The first 
f u n c t i o n a l  analysis of the regula tory  region of the Drosophila  
h s p 70 gene was done by examining the expression of a series 
of  delet ion m u t a n t s  using a repor ter  gene in t r ans ient ly  
t r ansfec ted  mammalian cells (Pelham, 1982). These 
ex per iments  have ident i f ied sequences at posi t ion -66 to -47 
necessary for hea t - induced  expression and def ined a 14-bp 
consensus  sequence (5'^CnGAAnnTTCnnG-3' ,  where n can be 
any nuc leo t i de ) ,  termed HSE, that  was found in the p romote rs  
of  all known hsp genes in Drosophila.  When l inked to the 
p r o m o te r  of a he tero logous repor ter  gene, HSE was able to 
confer  heat  induc ib le  expression,  p r ov id i ng  def ini t ive  
ev idence  of a un iq ue  regula tory  element .  In con t ras t ,  the 
basal p romote r  act ivi ty of hsp genes in h igher  Eukaryotes  is 
HSE i n d e p e n d e n t  and is mediated by other  sequence-specif ic
DNA-binding p ro te ins  (Abravaya et al., 1991). Subsequent  
s tud ies  on the Drosophila  hsp70 genes have revealed the 
im p o r ta n ce  of specific DNA sequences, in and around 
consensus  HSE (Amin et al., 1988; Xiao and Lis, 1988) and led 
to a réévaluat ion of the HSE s t r uc tu re .  All HSEs were found to 
be composed of co n t ig uous  inver ted repeats  of a 5-base pair 
(bp)  sequence,  5 -nGAAn-3' .  Sequence analysis of many hsp 
genes from Drosophila  and mammals have revealed that  
a l t h o u g h  the number  of HSEs as well as the number  of the 
p e n t a n u c l e o t i d e  un i t s  in an HSE can vary, the fun c t iona l  HSE 
is composed of a minimum of three 5-bp uni ts .  For example,  
HSEs from different  Drosophila  hsp genes were shown to 
conta in  from three to seven or eight  5-bp uni ts ,  dep e n d in g  
on the s t r ingency  used to define the 5-bp uni t  (Glaser et al., 
1990).  The nuc l eo t id e  sequence of the HSE is highly 
conserved from yeast to hum an s. In pa r t i cu la r  the guan ine 
res idue in the second posi t ion of each pen tame r  (5' -nGAAn- 
3') is absolutely conserved.  The adjacent  aden ine  residues are 
also highly  conserved,  but may be su bs t i tu te d  by other  bases. 
In the s tud ies  where the act ivi ty and i n t e r d e p e n d e n c e  of the 
HSEs in the context  of the basal hsp p romote r  have been 
examined ,  it was shown that  the HSE was rotat ion ally 
i n d e p e n d e n t  from the basal p romo te r  elements .  
Charac te r i zat ion  of the p romoter  region of hsp genes in 
Eukaryotes  tha t  led to ident i f ica t ion  of the HSE, was the first  
step in the u n d e r s t a n d i n g  of hsp gene r e g u l a t i o n . When the 
chro ma t in  s t r u c t u re  of Drosophila  h s p70 gene was analyzed in 
v ivo ,  DNAse I hypersens i t ive  sites were detec ted  in the 5*
f lanking region (Wu, 1980). It was proposed tha t  such sites 
migh t  funct ion as elements  to which regu la to ry  molecules  can 
b i n d . Subsequent  exper iments  using Exonuclease HI 
footp r in t in  g indeed demons t r a ted  the presence of 
c o n s t i tu t iv e ly  bound factors to TATA box and factors whose 
b in d in g  to the HSE was induced by heat  shock (Wu, 1984). 
Evidence for an act ivator  of hsp genes also came from in v i tro  
t r an sc r ip t io n  and foo tpr in t  analysis of Drosophila  hsp70  gene 
us ing nuclear  extracts derived from heat - shocked Drosophila  
t i ssue cu l t u r e  cells (Parker and Topol,  1984). This b inding  
ac t iv i ty  was termed heat shock t ransc r ip t i on  factor (HSF) and 
was first pur i f ied from bulk quan t i t i e s  of Saccharomyces  
cerevisiae. Drosophila  and human t issue cu l t u r e  cells, using 
HSE-affinity c h rom a to gr a ph y  (Sorger and Pelham, 1987 (b); 
Wu et al., 1987; Goldenberg et al., 1988). As es t imated from 
SDSrPAGE analysis,  HSF was found to have di f ferent  molecular  
sizes in each species (150 kD, 110 kD and 80 kD respect ively) .
C l o n i n g  and  c h a r a c t e r i z a t i o n  of  HSFs
After the pur i f i ca t ion of HSFs, dif ferent  s t rategies were 
used to clone HSF genes.  In one, monoc lona l  ant ibodies  
d i rec ted  against  pur i f ied yeast HSF were used for c loning of a 
s ingle  copy Sacch aromy ces cerevisiae HSF gene by screening 
yeast  cDNA expression l ibraries (Sorger and Pelham, 1988; 
Weiderecht  et al., 1988). In another  approach ,  degenerate  
o l ig onuc le o t id e  probes,  derived from pep t i de
micro sequencing ,  were employed for screening of a genomic
l ibrary and c loning of the single-copy D rosophila  HSF gene 
(Clos et al.t 1990). Scharf and col leagues (Scharf et al., 1990) 
used screening of cDNA expression l ibraries with HSE probes 
to clone three related HSF genes from tomato .  Their  resul ts  
p rov ided  the first evidence that  mu l t ip le  members of the HSF 
family exist in an organism.  The isolat ion of two related genes 
in h u m a n , HSF1 (Rabindran et al., 1991) and HSF2 (Schuetz et 
al., 1991) followed these f indings.  Human HSF1 was cloned 
us ing degenerated  o l i gonuc leo t ide  probes and a similar 
approach  was employed in cloning of two related HSF genes in
mouse  (Sarge et al., 1991), three from chicken (Nakai and
Morimoto ,  1993) and one so far from X enopus  (Stump et al., 
1995).  Recent ly,  a new member of the HSF family,  HSF4, has 
been cloned from human cells (Nakai et al., 1997). Although 
ver tebra tes  express several members of HSF family (HSF 1-4), 
s tud i es  showed that  only HSF1 can respond to heat  and o ther  
en v i ro n m e n t a l  and physiologica l  stresses (Baler et al., 1993; 
Sarge et al., 1993; Horenza  et al., 1994). Therefore,  HSF1 is the 
f u n c t i o n a l  homologue of the general  HSF. The only other  
hea t - respons ive  HSF was cloned from chicken (HSF3); however 
i ts mode of act ivat ion differs from the one described for HSF1 
(Nakai and Morimoto,  1995; Nakai et al., 1995). Instead,  
mammal ian HSF2 and HSF4 are refractory to typical  stress 
s t imul i .  Rather ,  sequence-specif ic DNA b ind ing  of HSF2 is
in duc ed  in certain deve lop me nta l  s i tua t ions .  For example,  
HSF2 is active dur ing  hem in-in d u ced erythroid  d i f fe rent ia t ion 
of human K562 cells (Sistonen et al., 1992) and also in
sp erm atoge ne t i c  cells of the mouse test is (Sarge et al., 1994;
Fawcett et al.t 1994 ; Horen za et al.t 1995). In ad d i t ion ,  HSF2 is 
c o n s t i tu t iv e ly  active in mouse embryonic  ca rc inoma cells and 
d u r i n g  early dev e lopment  of the mouse embryo (Metzger et 
al., 1989, 1994; Murphy et al., 1994). Little is known about  
HSF4 funct ion yet (Nakai et al., 1997). In p lant s ,  HSFs are also 
encoded  by a mul t igene  family (Scharf et al., 1990; Czarnecka- 
Verner et al., 1995). However, unl ike  ver tebra te  HSFs, some of 
th e  p lant  HSFs are heat shock induc ib le  (Lyck et al., 1997).
Addi t iona l  complexi ty of the mammalian HSFs is 
genera ted  by expression of different  isoforms of HSF1, HSF2 
and HSF4 that  arise via a l te rnat ive  spl icing (Fiorenza et al., 
1995; Nakai et al., 1997). Since the level of both HSF1 and 
HSF2 and the relat ive abundance  of the i r  isoforms vary among 
t issues,  this suggests their  po ten t i a l  role in t i s su e- de pe nd en t  
r egu la t ion  of the cel lular  stress response (Fiorenza et al., 
1995; Good son and Sarge, 1995b).
Compar ison of s t ruc t u re  and sequences of the ver tebra te  
HSFs revealed that  within a single species,  HSFs are 40% 
related in amino acid sequences (due to the extensive 
i d e n t i t y  of DNA-binding and ol igomer iza t ion domains ,  see 
below).  Interspecies  compar isons  of HSF1 (between h u m a n , 
mouse and c h i c k e n )  indica te  80-9 5 % of sequence 
co nserv a t ion .  Mul t ip le  HSFs in ver tebra tes  and p lan ts  
probably  arose from a need of larger and complex organisms 
to respond to a diverse array of dev e lo pme n ta l  and 
e n v i ro n m e n t a l  cues by co- regula t ing hsp genes in response to 
d i s t in c t  signals.  Consider ing the data de m on s t ra t i ng  
synergis t ic  t r an sc r i p t io na l  act ivat ion of hsp genes by two
9HSFs (HSF1 and HSF2) act ivated by two dif ferent  s t imuli  (heat  
shock and hemin)  in human eryth ro leukemia  K562 cells, 
(Sis tonen et al., 1992), this  assumption  seems reasonable.
M o l e c u l a r  o r g a n i z a t i o n  o f  HSF
The c loning of the HSFs allowed in te rspecies  comparison 
of the deduced  amino acid sequence.  This analysis revealed 
two major regions of local amino acid conservat ion in the 
amino terminal  part ,  conserved in all known HSFs. By delet ion 
analysis  of yeast and Drosop hila  HSF, they were ini t ial ly 
found to funct ion in the specific and high affinity b ind ing  to 
HSEs (Weiderrecht  et al., 1988; Clos et al., 1990) and the same 
was later conf irmed in exper iments  with mammalian HSFs. 
Figure 2A shows molecular  organizat ion of conserved domains  
in mouse HSF1. The first conserved region is the DNA-binding 
do m a in ,  the most conserved reg io n . The DNA-binding domain 
of HSFs did not appear  to belong to any known category of 
DNA-binding motifs,  except two p e n t a p e p t i d e  sequences that  
are highly similar to bacterial  o-factors (Clos et al., 1990) and 
a short  region with a more l imited s imilar i ty to the 
HNF3/forkhead  DNA-binding mot i f  (Scharf et al., 1994). 
However,  when the crystal  s t r uc t u r e  of K ly v e ro m y ces lactis 
and the solut ion s t r uc t u r e  of K. lactis and D rosophila  HSF 
DNA-binding domains  became available,  they revealed that  
th e  DNA-binding domain of HSF belongs to the well-known 
family of "winged" hel ix- turn-hel ix  DNA-binding motifs (Hubl 
et al., 1994; Torres et al., 1995). These two pieces of .data were
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Figure 2. (A) Schematic presentation of structural domains of HSF1. 
The DNA-binding domain (amino acids 16-120) is localized to the 
amino terminus (gray box). Adjacent to it is the trimerization domain, 
HR-A/B (hatched box, amino acids 137-212). The car boxy terminus 
contains a leucine zipper, HR-C (cross-hatched box, amino acids 378- 
407), involved in suppression of trimerization and transcriptional 
activation domain (black box), which is negatively regulated by the 
residues within the trimerization domain and by the regulatory region 
located immediately adjacent to the trimerization domain.
(B) A possible model for HSF1 regulation in higher Eukaiyotes. In the 
absence of stress, HSF1 is maintained as an inactive monomer through 
intramolecular coiled-coil (left). Activation of HSF1 is thought to occur 
in two (reversible) steps: 1. stress-induced trimerization (through 
intermolecular coiled-coil) required for sequence-specific DNA-binding 
(middle) 2. exposure of transactivation domains in the trimer enables 
aquisition of full transcriptional competence (right). The figure is free­
ly redrawn from Wu, 1995.
10
cons i s ten t  and dem ons t ra ted  the presence of three  a-hel ices 
and a small four- s t randed,  ant i -para l le l  p-sheet in the  DNA- 
b in d in g  domain .  Biochemical and genet ic e x p e r i m e n t s  w i t h  
yeast  HSF showed that  the second helix of the he l ix- turn-he l ix  
m o t i f  was the recogni t ion helix.
The second region conserved among all HSFs has been 
shown to be required for the ol igomer iza t ion (Sorger and 
Nelson,  1989; Clos et al., 1990) (Figure 2A). This region 
(h e p ta d  repeats  A and B, HR-A/B) is located adjacent  to the 
DNA-binding domain and conta ins  three arrays of 
h y d r o p h o b i c  heptad repeats.  Hydrophobic  residues at the 
first and the fourth pos i t ions  of a heptad repeat  are 
charac te r i s t i c  of a-hel ical  coiled -coil s t ruc t u re s  (Cohen and 
Parry,  1990, 1994). Leucine zippers are found in many DNA- 
b i n d i n g  p ro te ins  that  typical ly  associate as homo- or 
h e t e r o d im er s  th r oug h  a-hel ical  coi led-coil  in te ra c t i on .  The 
n u m b e r  and a r rangement  of the heptad repeats ,  ( termed 
leuc ine  zippers 1-3), in the ol igomeriza t ion domain of HSFs is 
however  un usu a l ,  since the first,  long h y d r o p h o b ic  array 
cons is t  of five or six repeats,  while the remain ing two short  
arrays overlap and are pos i t ioned  one res idue out  of phase.  
The u n u s u a l  n u m b e r  of leucine zipper  motifs in HSFs suggests 
t h a t  these p ro te ins  can ol igomerize to states more complex 
than  the dimer.  This was found to be the case when the 
o l igomer iza t ion  state of yeast and Drosop hila  was assayed.  By 
coexpress ing in vitro  t r u n c a te d  forms of yeast HSF and 
ana lyzing  the number  of heteromer ic  species in the gel 
mobi l i ty  shift assay with the HSE, Sorger and Nelson (1989)
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found that  HSF binds to the HSE as a t r imer.  In ad d i t io n ,  in 
th e  same repor t ,  they d e m o n s t r a t e d , using chemical  cross- 
l ink in g ,  tha t  yeast HSF a l so  forms trim ers in solut ion.  
Similarly,  chemical  cross- l inking of pur i f ied HSF, e i ther  
n a t u r a l  or c l o n e d , was employed to d em ons t r a t e  that  the 
o l igomer iza t ion  state of the active DNA-binding form of 
Drosop hila  HSF is pr imari ly t r imeric (Perisic et al., 1989) or 
hexameric  (Clos et al., 1990). Other s tudies  done with HSFs 
from different  species using ei ther  chemical  cross- l inking or 
h y d r o d y n a m i c  analysis confirmed these f indings  (Baler et al., 
1993; Sarge et al., 1993; Rabindran et al., 1993; Westwood and 
Wu, 1993). Earlier, Sorger and Nelson (1989) also proposed 
th a t  t r imeriza t ion  occurs th rough  a three s t randed coi led-coil  
s t r u c t u re .  In this  s t ruc t u re ,  the first array of repeats  forms a 
long ct-helix, which mediates  the in te rac t ion  between HSF 
monomers  c o n s t i tu t in g  a major part  of the HSF tr imer  
interface.  This inte ract ion occurs th rough  a hy dr op hobi c  
surface formed by amino acids (commonly leucine,  isoleucine 
or val ine) at every first and third or fourth posi t ion within a 
hep ta d  repeat .  In add i t ion ,  the second and third repeats  also 
form a small a-hel ix,  which would co n t r i b u t e  to the s tabil i ty 
of in te rac t ion  between longer  helices.  Biophysical  s tudies  on 
yeast  HSF also suggested a similar model  of in te ract ion 
between t r imer iza t ion  domains  (Peteran d erl and Nelson, 
1992),  a l though the physical  s t r uc t u re  for this domain has 
no t  yet been d e t e r m i n e d . Al though the residues at the first 
and the four th pos i t ions  of the hep tad repeat  are general ly 
conserved among HSFs, only two such residues are invar iant
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among HSFs cloned so far. Mul t ip le  sequence a l ignments  also 
revealed var ia t ions  in other  pos i t ions  of the heptad repeat .  
For example,  the second and thi rd short  arrays of heptad 
rep eats are i n te r r u p te d  by a small inser t ion for the plant  
HSFs. These differences are t h o u g h t  to confer  specif ici ty of 
t h e  in terac t ion  between t r imeriza t ion  domains  since no mixed 
o l igomers  can be detected when different  HSFs are coexpressed 
in the same cell (Clos et al., 1993; Rabindran et al., 1993; 
Sistonen et al., 1994).
HSF-HSE I n t e r a c t i o n
When the in teract ion  between HSF and HSE was s tud i ed ,  
it was found that  HSF binds  to the HSE as a t r imer  and that  
all three  pen tan uc leo t ide  repeats  of the HSE are required for 
h igh-a f f in i ty  inte ract ion (Sorger and Nelson, 1989; Perisic et 
al., 1989). Using the high -résolu t ion chemical  and DNase I 
footp r i n t in  g assays, Perisic and col leagues (Perisic et al., 
1989) tested in vitro  b ind ing  of a purif ied recombinant  
Drosophila  HSF to HSEs with dif ferent  numbers  and 
a r ra ng em en ts  of pen tan u cleot id e uni ts .  The smallest array 
showing detec table  b ind ing to HSF is two-rep eat HSE to which 
HSF binds  with a modera te  affinity.  These au thors  also 
d e m o n s t r a te d  that  HSF binds  with a similar affinity to such 
an incom ple te  HSE regard less of the o r ien ta t ion  of 
p en t an  uc leo t i de  uni t s  (nGAAnnTTcn and nTTCnnGAAn, 
which are referred to as head- to-head  and tai l - to- tai l  repeats,  
r espect ively) .  Therefore,  the nGAAn is cons idered to be a
fu n d a m e n t a l  uni t  of r ecogn i t ion ,  with each subu ni t  of the
HSF t r imer  in te rac t ing  with one of three nGAAn repeats
wi thin  the comple te  HSE which conta ins  three 
p e n t a n u c l e o t i d e  un i t s  that  c o n s t i tu t e  the minimal  numb er  for 
a high-affin ity in te rac t ion .  This was later conf i rmed by 
expe r imen ts  in which 1:1 s to ichiomet ry  for the b i nd ing  of a 
r e co m bin an t  DNA-binding domain of Drosophila  HSF to an 
nGAAn site was observed (Kim et al., 1994). These f indings  
were followed with the observat ion that  m ul t ip l e  HSFs bind 
coopera t ive ly  to HSEs with four or more p e n t a n u c l e o t i d e  
repea t s  and that  this coopera t ive  b ind ing  shows a strong 
th e rm a l  dep en d en c e  (Xiao et al., 1991). Earlier, evidence of 
coope ra t ive  prote in-p rotein in te ra c t ion s  between two HSF 
t r imers ,  came from in vitro  s tu dy  in which it was found that  
th e  affinity of Drosophila  HSF for an HSE from the  hsp70 
p r o m o te r  (which conta ins  four HSEs) is much h igher  when the 
ad jacen t  HSE is present  than when it is deleted (Topol et al., 
1985).  These data,  to ge the r  with the f indings  of o ther  groups  
working on yeast or ver tebra te  HSFs (Bonner et al., 1994;
Drees et al., 1997; Kroeger and Morimoto,  1994) indica ted
t h a t  HSF makes coopera t ive  in te rac t i ons  both between
s u b u n i t s  within an HSF tr imer  and between adjacent  t r imers.  
Moreover ,  coopera t ive  b ind ing  of bacter ial ly expressed HSF 
t r imers  to adjacent  HSEs was visualized by electron
microscopy as a p r o t e in - in duc ed  DNA loop (Wyman et al.,
1995).  Recently,  it was shown that  the residues from the DNA- 
b i n d i n g  domain of K. lactis HSF are involved in the
coope ra t ive  in terac t ion  between adjacent  t r imers through
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p r o te in - p r o te in  contact s  (Littlefield and Nelson,  1999). The 
same residues are likely to be im p o r ta n t  for increasing the 
DNA-binding specif ici ty and a f f i n i t y  of t r i m  e r i c  HSF for the 
HSE. Since HSEs from different  hsp genes differ in the number  
of p e n t a n u c l e o t i d e  repeats ,  the conservat ion of repeats  to the 
nGAAn consensus  and the dis t ance between HSE and the basal 
p ro m o te r  elements ,  this may allow HSF to con t rol  dif ferent  
levels of s t ress- induced expression of the various hsps (Xiao ef 
al., 1991).
O l i g o m e r i z a t i o n  of  HSF
A pro m in en t  regula tory feature of HSF is o l igomerizat ion 
to an active DNA-binding state. HSF from Drosophila ,  human 
and mouse are con s t i tu t ively synthesized and mainta ined  in 
th e  cell in a l a tent ,  monomeric state u n d e r  the normal  
c o n d i t i o n s  of growth.  Upon heat shock,  they are conver ted 
into  a DNA-binding competen t  t r imer  (Westwood et al., 1991; 
Westwood and Wu, 1993; Baler et al., 1993; Sarge et al., 1993; 
Zuo et al., 1994; Zandi et al., 1997). The biochemical  events  
associated with the ol igomeric t r ans i t ion  have been s tudied 
by means of different  biochemical  assays such as 
e lec t rophores i s  on nat ive lim it in g -p or e-size gels, gel f i l t rat ion 
c h r o m a to g ra p h y ,  chemical  crossl inking and hy d ro dyn amic  
s tud ies .  These exper iments  yielded cons i s t ent  resul ts  with 
respect  to the change in ol igomerizat ion of HSF on heat 
t r e a t m e n t  i.e. monomer  to t r imer  t r an s i t ion .  Heat shock 
ind u c e d  trim er izat ion increases the affinity of HSF for
b in d in g  to the HSE (Wu, 1985; Zimarino and Wu, 1987). This 
was fu r the r  dem ons t r a te d  using a semi -quan t i t a t i ve  filter- 
b in d in g  assay as well as in vitro  foo tp r in t in  g s tud ies  with HSF 
t r imers  pur i f ied from heat shocked cells (Wu et al., 1987; 
Taylor  et al., 1991). Cons is tent ly ,  genomic footp r in t in g  
analysis  revealed that  the HSEs of the human h s p 70 p romoter  
are occupied in vivo  only after heat  shock,  but not  pr ior  to or 
after recovery from heat stress (Abravaya et al., 1991). In 
Drosophila ,  hea t - induced  act ivat ion of HSF is accompanied by 
a rapid accumulat ion  of HSF on the heat  shock puffs of the 
po ly te n e  chromosomes (Westwood and Wu, 1991). Taken 
to ge th er ,  these s tudies  suggest  that  the convers ion of HSF 
from its inact ive,  monomeric  form to the active,  DNA-binding 
c o m p e te n t  t r imer  is subjected to s t r ing en t  cont rol ,  
p resumably  because the level of hsps has to be t ight ly  
c o n t r o l l ed .  Indeed,  overexpressing h s p 70 un der  the normal  
c o n d i t i o n s  in Drosophila  cells can inh ibi t  cell growth (Feder 
et al., 1992).
A cent ra l  quest ion has been to u n d e r s ta n d  how 
tr im er izat ion of HSF is suppressed u nder  normal  
e n v i r o n m e n t a l  cond i t ions .  Some data indicated  an 
inv o lv em e nt  of a region (hep tad repeat  C, HR-C) located near 
th e  carboxy- terminal  end of HSF (Figure 2A). This region 
(known as leucine zipper  4) conta ins  ano th er  array of 
h y d r o p h o b i c  hep tad repeats  and is well -conserved among 
ve r t ebra te  HSFs, but poor ly conserved in p lant  and yeast HSFs. 
Since both non-conserva t ive  su b s t i t u t i o n s  of hy d ro pho b ic  
res idues  in or delet ion of the leucine zipper  4 resul ted in
act iva t ion  of HSF1, leucine zipper  4 was p roposed to be 
involved in suppress ion of ol igomerizat ion (Rabindran et al., 
1993; Zuo et al., 1994; Zuo et al., 1995; Nakai and Morimoto,  
1993; Figure 2A). Similarly,  m u ta t io ns  in both long and short  
array of hep tad repeats  in the t r imeriza t ion  domain also led 
to co ns t i tu t iv e  o l igom er i za t ion . Zuo and col leagues (Zuo et 
al., 1994) have found th r o u g h  analysis of a set of human  HSF1 
m u t a n t s  expressed in Xenopus  oocytes,  that  small dele t ions  or 
n on -con servat ive su bs t i t u t i o n s  of h y d r o p h o b ic  residues in 
h ep ta d  repeats  of the t r imer izat ion domain ( leucine zippers 
1-3) led to co ns t i t u t iv e  t r imer izat ion and DNA-binding 
abi l i ty.  The resul ts  of the mutagenes i s  exper iments  suggested 
t h a t  both amino- and carboxy-term in al heptad repeats  
p a r t i c ip a t e  in the main tenance  of an inact ive state of HSF 
(Rabindran et al., 1993; Zuo et al., 1994). This most probably 
occurs  th r oug h  in t ramolecu la r  coiled -coil in te rac t ion  between 
l euc ine  zippers ,  a l though such an in terac t ion  has yet to be 
d i rec t ly  dem o n s t r a t e d .  This model  (Figure 2B) p red ic t s  that  
t h e  inert  HSF monomer  is cons tra ined by in t ramolecu la r  
coiled -coil in te rac t ions  u nder  phys iological  cond i t ions .  Upon 
heat  stress, such an in teract ion  is d i s ru p t e d  and HSF is 
conver ted  to DNA-binding competen t  t r imer.  The t r imer  forms 
by in term olecu lar coiled -coil in terac t ion  between leucine 
z ippers  of the t r imeriza t ion  domains  resu l t ing  in a t r iple-  
s t r a nde d  coiled -coil.  This t r ansi t ion is however  reversible;  
d u r i n g  the recovery from the stress cond i t io ns ,  HSF tr imers 
would dissociate to monomers .  Evidence from work in which 
p rop er t i e s  of the t r imeriza t ion  domain of yeast HSF were
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examined,  (Peterander l  and Nelson, 1992), suggest  formation 
of a t r ip le - s t randed  coiled -coil. In plants ,  amino- and carboxy- 
term in al hep tad  repeats  also seem to be involved in t r imer  
r e g u la t i o n ,  as inferred from experiments  with tomato HSFA1 
(Scharf  et al.y 1990). On the con t ra ry ,  s u b s t i t u t i o n s  of the 
h y d r o p h o b i c  residues in the poorly conserved carboxy- 
term in al heptad repeats  of yeast HSF, did not have any effect 
on HSF funct ion (Chen et al., 1993) and their  role remains 
u nclear .
Trim er izat ion domain and DNA-binding domain are 
con ne c t e d  by the l inker region defined as the residues that  
separate  the end of the DNA-binding domain from the start  of 
th e  t r imeriza t ion  d o m a i n . Its length varies among HSFs and in 
yeast  S. cerevisiae a subs tant ia l  por t ion of the l inker region 
can be deleted wi thout  affecting funct ion (Flick et al., 1994). 
However,  a recent  repor t  showed that  a small region in the 
a m ino - t e rm ina l  por t ion of the human HSF1 l inker is required 
in vivo  for main tenan ce  of HSF1 in monomeric  state,  thus  
c o n t r i b u t i n g  to the regulat ion of HSF1 mon om er-t r imer 
equi l ib r ium (Liu and Thiele,  1999).
T r a n s c r i p t i o n a l  a c t i v a t i o n  f u n c t i o n  of  HSF
Sequence a l ignments  of HSFs did not reveal amino acid 
con serva t ion s  other  than the DNA-binding,  trim er izat ion 
domain  and carboxy-term in al heptad repeat .  A domain 
respons ible  for t r ansc r ip t ion a l  act ivi ty ( t ransac t iva t ion  
do ma in)  was ident i f ied  in yeast HSF. By fusing pieces of yeast
HSF to a hete ro logous  DNA-binding domain and tes t ing the 
chimeras  in a t r an c r ip t i ona l  assay, sequences im p o r ta n t  for 
t r a n s c r i p t i o n a l  a c t i v i t y  have been mapped  to am in o- and 
carboxy-term in al regions (Nieto-Sotelo et al., 1990; Sorger, 
1990; Jacobsen and Pelham, 1991; Bonner et al., 1992; Chen et 
al., 1993). The amino- te rmina l  ac t iva tor  in S. cerevisiae 
f u n c t i o n s  dur ing  sustained stress, whereas the carboxy- 
term in al t r ansac t iva to r  r esponds  to t r ans ient  stress. Similarly,  
the  domains  involved in t r an sc r ip t i ona l  act ivi ty of tomato.  
D rosophila  and ver tebra te  HSFs have been s tud ied  th r ough  
de le t ion  m a ppi ng  and t ransc r ip t ion  al assays in the context  of 
GAL4/HSF chimeras.  These exper iments  revealed that  the 
t r ansac t i va t io n  domain is located in the carboxy-termin al 
po r t ion  (Figure 2A) (Treuter  et al., 1993; Scharf et al., 1994; 
Green et al., 1995 ; Zuo et al., 1995 ; Shi et al., 1995 ; Newton et 
al., 1996). In a d d i t i o n , they defined a minimal  region for 
t r an sc r i p t i o n  al act ivat ion in mammalian HSF1 which is rich in 
acidic and hy d r o p h o b ic  residues.  In te res t ing ly ,  in both yeast 
and ver tebrate  HSFs, the t r ansac t ivaton  domain is restrained 
u n d e r  normal  growth cond i t io ns  by dif ferent  regions of the 
p ro te ins .  In yeast,  the DNA-binding domain ,  the t r imer izat ion 
domain  and a short  conserved e lement ,  CE2, located between 
the  t r imer izat ion  domain and the t r ansac t iva t ion  domain ,  
nega t ive ly  regula te  the t r ansac t ivat ion  domain (Nieto-Sotelo 
et al., 1990; Jacobsen and Pelham, 1991; Bonner et al., 1992). 
Amino acid su b s t i t u t i o n s  in these regions led to increased 
t r a n s c r i p t i o n a l  act ivi ty of HSF suggest ing that  besides their  
role in sequence-speci f ic  DNA b inding  and o l igomer iza t ion.
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th e  conserved domains are also involved in the suppress ion of 
the  act iva tor  domain und er  basal cond i t ions .  Similarly,  the 
t r a n  s c r i p  l i o n  al competence  of human HSF1 is negat ively 
regu la ted  dur ing  normal  growth cond i t ions .  Single-residue 
s u b s t i t u t i o n s  or dele t ions in the leucine zip per  2 of the 
t r imer iza t ion  domain and nearby down stream sequ ence 
( termed regula tory  domain .  Figure 2A) increased the abil i ty of 
hum a n  HSF1 to act ivate the repor ter  gene in X enopus  oocyte 
(Zuo et al., 1995). Based on these f indings ,  it appears  that  the 
t r a n s c r i p t i o n a l  competence  of mammalian HSF1 is r egulated 
by the t r imer izat ion domain and the regu la tory  domain 
(Figure 2A). I mp or t an t ly ,  these exper iments  p rovided the 
ev idence  that  the t r imer izat ion region plays a role in the 
nega t ive  regula t ion of the t r an sc r i p t io na l  act ivi ty of HSF1 
t h a t  is i n d e p e n d e n t  from its invo lvement  in the con tro l  of 
the  ol igomeric state of the factor.  This is most probably 
achieved th rough  in t ramolecu la r  in te ra c t ions  in an inact ive,  
monomer ic  HSF1.
T h e  r o l e  of  p h o s p h o r y l a t i o n  in HSF1 
f u n c t i o n i n g
Despi te  the difference ' in r egula t ion ,  both yeast and 
h ig he r  Eukaryot ic HSFs were found to exhibit  s t ress- induced 
p h o s p h o r y l a t i o n .  This was first described for yeast HSF where 
s t ress - induced p h o sp hor y l a t io n  results  in a retarded
e l e c t ro p h o re t i c  mobil i ty of HSF po ly p e p t i d e s  on SDS-PAGE 
th a t  is reversed by pho sp ha t ase  t r ea tmen t  (Sorger et al., 1987;
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Sorger and Pelham, 1988). Similar observat ions  have been 
made for mammalian HSF1 (Larson et al., 1988; Sarge et al., 
1993).  These resul ts  were e x t e n d e d  by d i r e c t  32P-labelin g 
exper iments ,  which dem ons t ra ted  increased p h o s pho ry la t i on  
at serine and th r eo n in e  residues upon heat shock for both 
yeast HSF and mammalian HSF1 (Sorger, 1990; Rabindran et 
al., 1994), a l though the pos i t ions  of these serine and 
th r e o n i n e  residues have not been m a p p e d . Ini t ial  exper iments  
dem o n s t r a t e d  that  induc ib le  p hosp ho ry la t i on  of yeast HSF 
correla tes  with t r an sc r i p t io na l  act ivi ty;  however,  o ther  data 
suggest  that  the h y p e r p h o s p h o r y la t io n  of serine residues 
adjacen t  to a conserved element  (CE2) in the carboxy- 
term in us of yeast K. Lactis HSF may be i m p o r ta n t  in the 
deac t iva t ion  of the factor (Hoj and Jacobsen, 1994). Therefore,  
the  available data  address ing a causal r e la t ionship  between 
p h o s p h o r y l a t i o n  and the act ivat ion or déact iva t ion  of yeast 
HSF are inconclus ive  and it can be envisaged that  
p h o s p h o r y la t io n  can have both posi t ive and negat ive  effects 
on the act ivi ty of HSF.
Several groups have s tudied s t ress- induced 
h y p e r p h o s p h o r y l a t i o n  of mammalian HSF1. The exper iments  
in which non -steroid al ant i - in f l ammatory  drugs  (such as 
sal icylate or in d om eth acin ) were used to act ivate in vivo  HSF1 
have proven useful in de t e r m in in g  the role of inducible  
p h o s p h o r y l a t i o n  in the act ivat ion of HSF1 (Jurivich et al., 
1992; Sarge et al., 1993; Cotto et al., 1996). Trea tment  of 
mammalian cells with these drugs  induces  HSF1 DNA-binding 
a c t iv i ty ;  however,  the d ru g- in du c ed  form of HSF1 is
t r an s c r i p t i o n a l ly  inert .  This inert  in te rm ed ia te  can be 
conver ted  to the tran scrip t ion ally active state by a 
sub sequen t  exposure to heat shock.  Similarly,  e x o g e n o u s  HSF1 
overexpressed in human cells that  is t r imeric  but 
t ran scrip t ion ally inert  can be act ivated by t r ea tment  of
t rans fec ted  cells with calycul in A (an in h i b i t o r  of 
s e r i n e / t h r e o n i n e  protein phospha tases )  (Xia et al., 1997). This 
led to a suggest ion that  the s t ress- induced act ivat ion of HSF1 
may be a mul t i s t ep  process (Figure 2B) in which t r imeriza t ion  
and acquis i t ion of DNA-binding abil i ty is necessary but
insuf f i c ient  for t r an sc r ip t i ona l  a c t i v a t i o n . An a dd i t io na l  step 
is required for the full t r a n c r i p t io n a l  competence  of HSFL and 
th e  acquis i t ion of t r an sc r i p t io na l  act ivi ty is l inked to
in d u c ib le  h y p e r p h o s p h o r y l a t i o n .  The tran scrip t ion ally inert  
HSF1 t r imer ,  r esul t ing from HSF1 overexpress ioh , may 
cor respond  to the co ns t i t u t i ve  DNA-binding act ivi ty
exhibi ted by Saccharomy ces cerev isiae HSF (Sorger and 
Pelham,  1988). However, in other  s tudies  it was dem ons t ra ted  
th a t  the t r ea tment  of mammalian cells with an amino acid 
ana logue ,  L-azetidine-2-car boxy lie acid,  induces  DNA-binding 
ac t iv i ty  of HSF1. This form of HSF1 is also t r ansc r ip t i ona l l y  
act ive,  a l though  it is not h y p e r p h o s p h o r y l a t e d  (Mosser et al., 
1988; Williams and Mor imoto ,1990; Sarge et al., 1993), 
sugges t ing  that  h y p e r p h o s p h o r y la t io n  of HSF1 is not essent ial  
for its t r im e r i z a t io n , DNA-binding and t r an sc r ip t io na l  
act ivi t ies .  Xia and Voellmy also addressed the role of stress- 
in d u c e d  p ho sp ho ry la t i on  of human HSF1 (Xia and Voellmy,
1997).  By combining the t r ea tment  of cul tured cells with heat
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shock and s e r i n e / t h r e o n i n e  protein kinase inh ib i to r s  (H7 and 
GF-X) or prote in  pho sph a t ase  inh ib i t o r  calycul in A, they 
de m o n s t r a t ed  that  s t ress- induced h y p e r p h o s p h o r y l a t i o n  both 
s t imula tes  the t r ansact iva t ion  funct ion of HSF1 and also 
p ro longs  t r imeriza t ion  and act ivi ty subsequen t  to heat shock. 
Since all these effects may also be related to the changes in 
th e  balance of kinase and phosph a t ase  act ivi t ies  tha t  are 
known to occur dur ing  heat stress,  at p resent ,  the func t iona l  
role of induc ib le  hyp e rph osp h or y lat ion of HSF1 remains 
u n clear.
In Metazoa,  inact ive HSF1 was also found to be basally 
p h o s p h o r y l a t e d  on serines and this phos ph o ry la t io n  
negat ive ly  regulates  t r an sc r ip t io na l  act ivi ty at phys iologica l  
t e m p e r a t u r e  (Knauf et al., 1996; Chu et al., 1996; Kline and 
Mor imoto ,  1997; Chu et al., 1998; Dai et al., 2000).  This was 
shown using different  approaches .  Mivechi  and Giaccia found 
tha t  overexpression of a d om in a n t  inh ib i t o r y  m u ta n t  of 
mi togen act ivated protein kinase (MAPK) ERK1 increases the 
expression of an h s p 70 p romote r -d r iven  repor ter  gene in NIH 
3T3 cells (Mivechi  and Giaccia, 1995). Others have shown that  
expression of act ivated Raf kinase in human 293 cells results  
in increased p hos ph or y la t i on  of an epi tope- tagged  exogenous 
HSF1 (Knauf  et al., 1996). It was also dem ons t r a te d  by 
cot ransfec t ion  of HSF1 and MAPKK (MEK1) in NIH3T3 cells 
with an hsp 70 p romote r -d r iven  repor te r  gene, that  
overexpression of MEK1 reduces repor ter  gene expression (Chu 
et al., 1996). Taken toge ther ,  these data suggested tha t ,  u n d e r  
c o n d i t i o n s  when the MAP kinase pathway is ac t iva ted ,  HSF1
t r a n s c r i p t i o n a l  act ivi ty is i n h i b i t e d . Furthe r  exper iments  
us ing p h o s p h o p e p t i d e  mapping  of GAL4-human HSF1 
chimeras ,  or r ecombinan t  HSF1 ph o s p  h orylated  in vitro,  
co nc lud ed  that  HSF1 is con st i tu t ively ph osp h orylated on 
ser ines 303, 307 and 363. Transac t iva t ion assays suggested an 
i m p o r t a n t  role for serines 303 and 307 in repressing the 
t r a n s c r i p t i o n a l  abi l i ty of the factor.  Subs t i tu t ion  of these 
res idues  by alanines,  resulted in loss of suppress ion of 
t r ansac t i va t io n  wi thou t  affecting t r imer izat ion  and DNA- 
b in d in g  of t r ans ien t ly  t ransfected m u ta n t  HSF1 (Knauf et al., 
1996; Chu et al., 1996; Kline and Morimoto,  1997). 
I m p o r t a n t l y ,  ph osp h orylated serines 303 and 307 are located 
in the regula tory  domain which , as me nt ioned  above, was 
p reviously  ident i f ied  to suppress  t r an sc r i p t i o n a l  act ivi ty of 
HSF1 and also to confer heat r esponsiveness  to an otherwise 
he t e ro lo gous  chimeric act ivator  (Zuo et al., 1995; Newton et 
al., 1996). The id e n t i t y  of prote in kinases responsible  for 
c o n s t i t u t i v e  p ho sp hor y l a t io n  of HSF1 has also been addressed.  
Sequence compar isons  revealed tha t  the immedia te  and 
f lanking sequences s u r ro u n d i n g  serines 303 and 307 are
h igh ly  conserved in ver tebra te  HSFls and cor respond  to 
consensus  sequence for prolin c-d i récted kinases inc lud ing  
members  of mitogen -act ivated kinases (MAPKs). Chu and 
col leagues (Chu et al., 1998) repor ted that  the con s t i tu t i ve  
p h o s p h o r y l a t i o n  of human HSF1 appears  to be hierarchical :  
m i togen-ac t iva ted  protein kinases of the ERK1 family
ph osp hor y la te  HSF1 on serine 307, which pr imes HSF1 for 
su bsequen t  pho sp hor y l a t io n  on serine 303 by glycogen
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syn thase  kinase 3)3 (GSK3j3). In the same repor t ,  they
d em o n s t r a te d  that  the serine at posi t ion 363 is 
ph o s p h o r y la t e d  in vitro  by protein kinase C isoforms, ct and 
This f ind ing  was ques t ioned recent ly by a repor t  showing that  
ser ine 363 is phos ph or y la te d  in vitro  by a member  of another  
family of MAP kinases,  c-Jun te rminal  kinase (INK) (Dai et al., 
2000).  Dai and col leagues also presented evidence ,  using an 
im m u n o p r é c i p i t a t i o n  assay that  HSF1 interac t s  in vivo  with 
both ERK1 and INK. In add i t io n ,  similar to ERK1, JNK 
overexpression also suppresses  t r an sc r i p t i ona l  act ivi ty of 
HSF1.
In summary,  HSF1 seems to be regulated by the action of 
several  prote in  kinase cascades and this may ensure 
suppress ion  of its t r ansac t iva t ion  funct ion at 37°C and dur ing  
recovery from stress. However,  it remains to be dete rmined  
which kinases actual ly ph osp h orylate  HSF1 in vivo.  In 
a d d i t i o n ,  it is also unclear  how different  s ignal ing pathways 
can coopera te  in the suppress ion of the t r ansac t ivat ion  
func t i on  of HSF1 since they are act ivated by diverse st imuli .
R e g u l a t i o n  of  HSF1 a c t i v a t i o n
There  is a fu n d am en ta l  difference between the 
regu la t ion  of HSF act ivi ty in the b u dd in g  yeast Saccharomy ces 
cerev isiae and the act ivi ty of its func t iona l  c o u n t e r p a r t ,  HSF 
in D rosophila  or HFS1 in ver tebrates .  Yeast HSF is 
c o n s t i tu t iv e ly  t r imeric and bound to DNA in vivo', also, a 
s ign i f i cant  level of HSE b inding  act ivi ty can be detec ted  in
vi tro  at non heat shock t em per a tu re s  (25°C) (Sorger èt al., 
1987 (b); Szent-Gyorgyi  et al., 1987; Jacobsen and Pelham, 
1988).  Heat shock does not lead to a fu r the r  increase in DNA- 
b i n d i n g  act ivi ty of yeast HSF, but is required for the 
t r a n s c r i p t i o n a l  act ivi ty.  In cont ras t ,  metazoan HSF1 is st r ict ly 
nega t ive ly  regulated and heat shock responsive (Kingston et 
al., 1987; Zimarino and Wu, 1987; Mosser et al., 1988). 
In te r es t ing ly ,  HSF from the fission yeast Schizosaccharomyces  
p o m b e  exhibi t s  the mode of r egula t ion similar to the one 
found in h igher  Eukaryotes,  since heat shock is required for 
both DNA b ind ing  and t ra ns c r ip t io na l  act ivi ty (Gallo et al., 
1991).  Ini t ial  experiments  demons t ra ted  the existence of an 
HSE b ind ing  act ivi ty in the crude extracts of Drosophila ,  
X enopus  and mammalian cells (Kingston et al., 19 87; Zimarino 
and Wu, 1987; Zimarino et al., 1990) using a gel mobi l i ty  shift 
assay. This b ind ing  act ivi ty,  later found to be HSF, is present  
in a la tent  state and is induced by heat shock. Using the gel 
mobi l i ty  shift assay with a consensus  HSE, the presence of 
act ive HSF can be detected in extracts of heat shocked cells 
wi thin  mi nu tes  after heat shock t rea tment .  The increase in 
HSF b ind ing  to the HSE is correlated with the severi ty of the 
heat  stress, suggest ing the t e m p e r a t u r e - d e p e n d e n t  
m o d u la t i o n  of HSF-binding act ivi ty as a cri t ical  r egula tory  
switch in the act ivat ion of hsp gene t r a ns c r i p t io n .  The 
i n d u c t i o n  occurs even in the presence of a prote in  synthesis  
in h ib i to r ,  cycloheximide,  ind ica t ing  that  it is r egulated po s t ­
t r ans l a t ion  ally. In this  exper iment ,  it was dem ons t r a te d  that  
HSF DNA-binding act ivi ty in D rosophila  cells can be
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sequen t ia l ly  induced th rough  several cycles of heat shock and 
relaxat ion in the c o n t in u o u s  presence of cycloheximide 
(Zimar ino and Wu, 1987). Similar r e s u l t s  w e r e  a l so  obtained 
with HSF1 in human cells (Kingston et al, 1987). These data 
are in agreement  with earlier s tudies  in which it was found 
t h a t  the in duc t ion  of heat  shock puffs on the po ly tene  
chromosomes  of Drosophila  was i n d e p e n d e n t  of protein 
synthes i s  (Ashbruner ,  1970).
The effect of heat  stress on act ivat ion of HSF in vivo  can 
be mimicked in vitro.  If cytosolic extracts of unshocked  
D rosophila  or mammalian cells are incubated at heat  shock 
t e m p e r a t u r e ,  HSF is act ivated and binds  to HSE. HSF 
t r imer iza t ion  and DNA-binding in vitro  can also be induced  
in crude extracts by a variety of t r ea tmen ts  that  affect protein 
s t r u c t u r e  such as mild de t e rgen t s ,  low or high pH, urea or 
anti-HSF ant ibodies  (Larson et al., 1988; Mosser et al., 1990; 
Zimarino et al., 1990; Zimarino et al., 1990). A step forward 
in evaluat ion of the abil i ty of HSF to respond d irec t ly  to 
e n v i ro n m e n t a l  stress came from the exper iments  in which 
pur i f i ed  inact ive HSF1 was t e s t e d . These s tud ies  showed tha t  
in vitro  ac t ivat ion by heat shock can be reproduced  with a 
pur i f i ed  recombinan t  human and mouse HSF1 monomer ,  
expressed in ei ther  rabbit  r e t i culocyte  lysate or in E. coli 
(Larson et al., 1995; Good son and Sarge, 1995a; Farkas et al., 
1998); However,  the t emp era tu re - sens i t i ve  range did not 
match in d u c in g  t emp era tu res  in vivo. I m p o r t a n t l y ,  the resul t s  
from Farkas and col leagues suggested that  in tram olecu lar 
repress ion was a central  mechanism for the regula t ion of HSF1
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ac t iv i ty ,  because the repression of pur i f i ed ,  inact ive HSF1 
mo nome r  could be relieved in the appa ren t  absence of 
r eg u la to ry  pro te ins .  Zhong and col leagues repor ted that  
t r imer iza t ion  and DNA-binding of pur i f ied Drosophila  HSF can 
be di rect ly  and reversibly induced in vitro  by heat shock and 
by an oxidan t ,  hydrogen  peroxide (Zhong et al., 1998). Their  
da ta  for the first t ime clearly dem ons t r a te d  that  HSF is 
d i rec t ly  and reversibly capable of sensing elevated 
t e m p e r a t u r e s  in the physiologica l  range and of t r an sd uc in g  
th e  thermal  signal to a change in t r imer  associat ion and DNA- 
b i n d i n g  act ivi ty.
The resul ts  of in vitro  expe r iments  with purif ied 
r e co m bi nan t  factor suggest  that  the e lements  residing in the 
Drosophila  HSF or mammalian HSF1 p o l y p e p t i d e s  are 
suff icient  for both monomer  m a in te nan ce  and for its heat-  
in d u c e d  convers ion to the t r imeric,  DNA-binding form. This is 
in s up por t  of a role for eukaryot ic  HSF as a "molecular  
th e rm om et e r"  which di rect ly  senses en v i ro n m e n ta l  co nd i t io ns  
and act ivates cel lular  stress response.  However,  these in t r ins ic  
p r o p er t i e s  of HSF may be modula ted  in vivo  by cel lular  
factors a n d / o r  covalent  modif icat ions .  For example,  the 
t e m p e r a t u r e  at which HSF is act ivated is not s t r ict ly in t r insic  
to the factor,  but  can be reprogrammed according to the 
ce l lu lar  en v i ro n m e n t  in which HSF is expressed.  When human 
HSF1 is expressed in insect ,  frog or p lant  cells, its ind uc t io n  
t e m p e r a t u r e  is reset to the heat  shock t e m per a t u r e  of the host 
cell (Clos et al., 1993; Baler et al., 1993; Treuter  et al., 1993). 
Conversely,  when Drosophila  HSF is expressed in human cells,
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it acquired c o n s t i t u t i ve  act ivi ty at ambient  t e m per a t u r e  of 
37 °C. In a d d i t i o n , the induc t ion  t e m pe ra t u r e  for mouse HSF1 
is reduced in test is,  where the normal  t e m p e ra tu r e  is lower 
(Sarge et al., 1995). Abravaya and col leagues also 
de m o n s t r a te d  that  the growth of He La cells at subop t imal  
t e m p e r a t u r e  (35°C), led to a co r res pon din g  decrease in the 
t e m p e r a t u r e  required to act ivate HSF1 (40-41 °C). This 
t e m p e r a t u r e  (40-41 °C) is normally insuff icient  for maximal 
ac t ivat ion when cells are grown at 37°C (Abravaya et al., 
1991).  Taken together ,  these s tudies  ind ica te  the impor tance  
of the in te rna l  physiology of the cell, since the t e m pe ra tu re  
at which HSF is act ivated is not absolute.
Other  s tudies  suggested that  the genera t ion and 
m a in te n a n c e  of the inact ive HSF monomer  might  require 
pa r t i c ip a t io n  of in t racel lular  r egu la tor s  present  in l imit ing 
am o u n ts  that  may exert their  act ivi ty th rough  suppress ion 
doma ins  of HSF. Often, d ep e n d in g  on the exper imenta l  
co n d i t i o n s  u s e d , overexpression of HSF at 37°C in E.coli or in 
eukaryo t ic  cells results  in de regu la t ion  i.e. t r imeriza t ion  and 
c o n s t i t u t i v e  DNA-binding (Clos et al., 1990; Rabindran et al:, 
1991; Sarge et al., 1993). Among the many possible 
in t r ac e l l u la r  r egula tors  of HSF, hsps are cand ida tes  for 
c o n t ro l l in g  the act ivi ty of HSF. The first observat ion 
in d ic a t in g  a role for hsps came from the exper iments  showing 
th a t  reduced amounts  of two con s t i tu t ively expressed hsp 70 
genes in yeast S. cerev isiae, SSA1 and SSA2, led to increased 
t r a n s c r i p t i o n a l  act ivi ty of HSF (Boorstein and Craig, 1990). 
Based on this,  a model  was proposed (Figure 3) in which heat
shock p ro te ins ,  par t icu la r ly  hsp 70, negat ive ly  cont ro l  the 
ac t iv i ty  of HSF u n d e r  normal  cond i t ions .  Upon heat shock, 
d e n a t u r e d  and aggregated cel lular  p ro te ins  would t i t r a te  hsps 
from HSF and this  sequest ra t ion of h s p 70 and possibly of 
o the r  chaperones  releases HSF from its negat ive ly  regulated 
state.  HSF tr imerizes ,  binds  to DNA and act ivates the synthesis  
of hsps tha t  then feeds back to repress HSF act ivi ty when
res tored to app ro p r i a t e  levels. This mechanism for negat ive
3 2feed back con trol  is similar to that  proposed for o in 
bac ter ia  (Figure 1; Craig and Gross, 1991). Some data from 
expe r imen ts  in Drosophila  din à X enopus  laevis argue in favour 
of such a model .  First, a number  of m u ta t i o n s  in Drosophila  
i n d u c e  t issue-specif ic act ivat ion of hsp genes in vivo  in the 
absence of heat shock (Hiromi et al., 1986; Parker -Thornburg  
and Bonner,  1987). Second, inject ion of de n a tu r e d  p rote ins  
in to  X enopus  oocytes resul ted in the ind uc t io n  of hsp 
rep o r te r  gene or HSF DNA-binding act ivi ty (An an than et al., 
1986; Mifflin and Cohen,  1994). However,  the experiments  
with hsp70 overexpression in mammalian cells yielded 
in c o n s i s t e n t  results .  In agreement  with p red ic t ions ,  
c o n s t i t u t i v e  overexpression of hsp70 inh ib i t ed  DNA-binding 
of human HSF1 after heat  stress (Mosser et al., 1993). There 
was a correlat ion between the level of inh ib i t ion  and level of 
hsp70 .  The same effect was seen if hsp70 is t r ans ient ly  
overexpressed in mammalian cells (Baler et al., 1996). 
Moreover ,  the inh ib i to ry  effect of Hsp70 on HSF1 act ivat ion in 
vi tro  was repor ted (Abravaya et al., 1992). In cont ras t ,  
a n o t h e r  group repor ted that  there is no such inh ib i t ion  in
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Figure 3. A possible model of regulation of HSF1 
by chaperones. Under normal conditions, most 
HSF1 molecules are present in a complex with 
hsp70 and/or hsp90. Heat shock or other stress 
conditions provoke accumulation of misfolded pro­
te in s w hich  com p ete w ith  HSF1 b in d in g  to  
hsp70/hsp90. As a result, concentration of free 
HSF1 increases and trimerization is favoured. Free­
ly redrawn from Zou et ah, 1998.
v ivo ,  both in Drosophila  and mammalian cells (Rabindran et 
al.t 1994). However,  they and others  (Kim et al., 1995) found 
th a t  the k inet ics  of t r imer dissocia t ion is accelerated by 
h sp 70 overexp ress ion . On the other  hand ,  the resul t s  of the 
expe r imen ts  showing that  DNA-binding act ivi ty of Drosophila  
and Xenopus  HSF is capable of being sequent ia l ly  induced  by 
heat  stress,  deact ivated and re induced  in the absence of de 
novo  p ro te in  synthesis ,  quest ion a feedback inh ib i t ion  by 
in duc ib le  hsps on HSF1 DNA-binding (Zimarino et al., 1990). 
A direct  in te rac t ion  between HSF1 and h s p 70 was detec ted in 
several  biochemical  assays. Ant i -hsp70 an t ibody supershi f ted  
an HSE-HSF1 complex from heat shocked He La cells in a nat ive 
gel mobi l i ty  assay de m on s t ra t i ng  stable in vitro  association 
between act ivated HSF1 and h s p 70 (Abravaya et al., 1992). 
Notably,  the HSFl /hsp70 complex was dissociated upon 
ad d i t io n  of ATP, a cofactor known to mediate  the release of 
bound  subs t ra tes  from hsp70 (Freeman et al., 1995). Similar 
obse rva t ions  have also been repor ted by others  (Baler et al., 
1992; Baler et al., 1996) using nat ive PAGE and an ti-h sp 70 
an t ibod ies .  Subs to ich iomet r i c  am ounts  of h s p 70 were also 
ca p t u re d  in immune  complexes with both in act ive and active 
hu m an  HSF1 (Rabindran et al., 1994), while Nunes and 
Calderwood (1995) found that  HSF1 and h s p 70 can be cross- 
l inked in the extract  of un stressed mouse cells. Others found 
t h a t  hsp 70 binds  to and represses the t r an sc r ip t io na l  
ac t iva t ion  domain of mouse HSF1, thereby act ing du r ing  the 
a t t e n u a t i o n  phase of the heat  shock response and perhaps  
hav ing also a role in t r imer disassembly (Shi et al., 1998).
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However,  the above in te rac t ions  appear  not to s igni f icant ly 
affect the DNA-binding abil i ty of HSF1 and thei r  func t iona l  
s igni f icance remains to be de t e r m in ed .  It is also unl ikely  that  
h s p 70 acts alone in these processes as it is known that  h s p 70 
is a c o m po nen t  of m u l t i c h a p e ro n e  complexes involved in 
p ro te in  folding and assembly (Hart l  et al., 1992).
Hsp90 was also repor ted to in teract  with HSF1 in a h sp 90 
aff ini ty chro ma to g ra phy  exper iment  (Nadeau et al., 1993). In 
vi tro  r e c o n s t i tu t io n  assay have also revealed that  hsp40,  
hsp90  and hsp90 m u l t i c h a p e ro n e  c o n s t i t u e n t s  h s p /c 70 .  Hop, 
Hip,  p 2 3 , Cyp40 and FKPBs, have a p ro pens i t y  for associat ing 
with recombinan t  active t r imeric human HSF1 (Nair et éd., 
1996; Voellmy, 1996). Fur thermore ,  certain ben zoqu inp ne  
an samycin s, such as geld an am ycin and herbimycin A, 
specif ical ly bind hsp 90 d i s r u p t i n g  complexes with target  
p r o te in s  in vitro  and in vivo  (Whitesel l  et al., 1994; Smith et 
al., 1995). The same c o m p o u n d s  also act ivate HSFl in vivo  
(Hedge et al., 1995; Zou et al., 1998), raising the possibi l i ty 
t h a t  h s p 90 may par t i c ipa te  in nega t ive  regula t ion of HSFl. 
However,  it is not clear whether  in du c t io n  of the heat shock 
response  by geld an am ycin and herbimycin A is di rect ly  
related to their  effect on h s p 90, since both drugs  are also 
p o t e n t  red ox-cyclers and may cause oxidat ive protein 
d é n a t u r a t i o n .  In order to clarify the pu ta t iv e  role of h s p 90 in 
HSFl regu la t ion ,  Zou and col leagues developed an in vitro  
system to s tudy HSFl act ivat ion (Zou et al., 1998). They 
found tha t  HSFl in extracts from non stressed cells, besides 
heat  shock,  can be act ivated in vitro  also by geld an amycin
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and de na tu re d  p ro te ins  and that  the add i t ion of hsp90,  but 
no t  h s p 70, p reven ted  t r imer izat ion of HSFl. Cons is tent ly ,  
immu nod ep l e t i o n  of hsp 90, but not of hsp 70, from the 
ext ract ,  resul ted in HSFl act iva t ion.  Based on this and the 
f in d in g  that  HSFl can be in situ cross- l inked in a complex 
with h s p 90, they proposed that  hsp90 is a major repressor  of 
HSFl th r ough  a dynamic complex that  exists un de r  
phys io logica l  con d i t io ns  and rapidly dissociates dur ing  heat 
stress (Figure 3). It remains unclear  whe ther  h s p 90 acts as a 
repressor  alone or as a m u l t i c h a p er o n e  complex.  Taken 
to g e th er ,  a proposed model  for negat ive regula t ion of HSFl by 
ch ap ero ne s  (Figure. 3) is to be conclusively demons t r a te d  by 
us ing  in vivô  assays and in vitro  r e c o n s t i t u t i o n  assays to 
ful ly reproduce  the t r ans i t ions  of HSFl s t ru c tu re  and act ivi ty.
Recent ly,  a novel  conserved 76-amino-acid protein 
te rmed Heat Shock Factor Binding Protein 1 (HSBP1) was 
ide n t i f i ed  in a yeast two hybrid protein in terac t ion  assay 
us ing  the hy d ro p h o b ic  repeats  of the t r imer iza t ion  domain of 
t h e  mouse HSFl as a bait (Satyal et al., 1998). HSBP1 is a 
nu c l ea r  prote in that  in te ract s  in vivo  with the active t r imeric 
HSFl. In te res t ingly ,  dur ing  a t t enua t ion  of HSFl to inert  
mon om er ,  HSBP1 associates with hsp70. HSBP1 was shown to 
red uce  the DNA-binding act ivi ty of HSFl when both are 
coexpressed in re t icu locy te  lysate,  while overexp ression of 
HSBP1 in mammalian cells represses en d o g e n o u s  HSFl 
t r a n s c a t i v a t i o n , as judged  from t r an sc r ip t io na l  assays. The 
nega t ive  effect of HSBP1 on the t r an sc r ip t io na l  r esponse of 
HSFl was also seen in HSBP1 t ransgenic  Caenorhabdit is
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elegans  s t rains where HSBP1 blocked act ivat ion of the heat 
shock response from a heat shock prom oter-rep or ter  
c o n s t ru c t ,  p rov id ing  a biological  role for this  p r o t e i n . These 
resul t s  do not ,  however,  p rovide  conclusive evidence for a 
role of HSBP1 in the heat shock response.  It is not clear at 
which level HSBP1 exerts its biological  effect since the data do 
no t  exclude the possibi l i ty that  HSBP1 is also associated with 
inac t ive ,  monomeric  HSFl. In add i t io n ,  more exper iments  
shou ld  be performed to establish the biochemical  parameters  
for HSFl in teract ion  with HSBP1 and to u n d e r s ta n d  the na tu re  
of  HSBP1 inh ib i to ry  effect on HSFl DNA-binding abi l i ty.  Apart 
from chaperones  and HSBP1, there are no other  known HSFl 
in te r ac to r s .  HSFl is regulated at m ul t ip l e  levels (DNA 
b in d i n g ,  o l igomer iza t ion ,  t r an sc r ip t io na l  act ivi ty)  and it is 
formal ly possible that  other ,  as -yet -unknown com pon en ts ,  
such as a small l i g a n d , or a metabol i te ,  of covalent  
modi f i ca t ion  of the protein play a role at each level. Fur ther  
progress  may be obtained th r oug h  genet ic screens for new 
ce l lu lar  regula tors  and systemat ic analysis of r eagents  tha t  
affect HSFl funct ion .
P h y s i o l o g i c a l  f u n c t i o n s  of  HSF
As me nt ioned  above, yeast and Drosophila  HSF and their  
f u n c t i o n a l  equivalent  in ver tebrates ,  HSFl is the major stress- 
i n d u c ib le  t r ansac t iva to r  of the heat  shock response.  Genetic 
s tu d i es  indica ted a p lc iot rop ic  role for the single copy HSF 
gene in both Saccharomy ces cerevisiae and Drosophila .  The
HSF of the yeast Saccharomy ces cerev isiae is required in vivo  
for the i nd uc t i on  of hsp synthesis  in response to heat  stress 
(Smith and Yaffe, 1991). In te res t ing ly ,  yeast HSF is also 
essent i a l  for cell growth at normal  t e m p e ra tu r e  (15-30°C), 
which may be related to the regula t ion of basal hsp gene 
expression (Sorger and Pelham, 1988). Sorger and Pelham 
(1988)  p rovided genet ic evidence that  HSF in yeast is 
essent i al  at normal  growth t emp era tu res .  Others also repor ted 
t h a t  at least some copies of the major hsp genes,  such as 
h sp 70, are expressed in yeast cells un de r  normal  growth 
c o n d i t i o n s  (Werner-Wash bu rne et al., 1987; Sorger, 1991). 
More in s ights  into the funct ion of HSF came from the work of 
Jedl icka and col leagues who showed that  a l though  Drosophila  
HSF is ind i spensab le  for the  heat shock response in vivo,  it is 
no t  essent ial  for general  growth and viabi l i ty.  However,  it is 
r equi red  und er  normal  growth co n d i t i o n s  for oogenesis and 
early larval deve lopm en t  as well as for survival  un der  extreme 
stress c on d i t i ons  (Jedlicka et al., 1997). The requ i rement  for 
HSF in oogenesis  and early deve lopmen t  does not appea r  to be 
related to the regulat ion of hsp gene expression and thus  may 
invo lve  the regula t ion of novel ,  non-hea t  shock genes.  This is 
in agreement  with the previously publ ished s tudies ,  which 
ind ica t ed  that  the de ve lopm en ta l  expression of hsps in 
Drosop hila  is i n d e p e n d e n t  of HSEs (Xiao and Lis, 1989). In 
a d d i t i o n ,  since these two requ i rements  for HSF funct ion 
(oogenes is  and early larval d ev e lo pm en t )  in Drosop h ila  are 
gene t i ca l ly  separable,  these target  genes may not be the  same. 
Screens for genet ic in te rac t ions  and analysis of d i f ferent ia l
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gene expression in Drosop hila  should allow the iden t i f i ca t ion  
of o ther  c om pon en ts  of the dev e lo pm e nt a l  HSF pathway and 
also p rov ide  clues to the po ten t i a l ly  im p o r ta n t  role of HSF in 
ve r t ebra te  deve lop ment .
In mammals,  HSFl is not essent ial  u nd er  normal
c o n d i t i o n s  of g rowt h , but  is required for induc ib le  hsp gene 
expression in vivo  and acquired th e rm o to le r an ce  (McMillan et 
al., 1998). This funct ion is consi s t ent  with similar
r eq u i r em en ts  for the s ingle-copy homologue in lower 
Eukaryotes .  Thermotole rance  is defined as the abi l i ty of an 
organism to wi ths tand extreme heat stress and correlates well 
with the induced level of hsp expression in yeast and
Drosphila  (Sewell et at.r 1995; Velasquez and Lindquist ,
1984).  In vitro  s tudies  using mouse embryonic  fibroblasts 
(MEFs) have demons t ra ted  tha t  a HSFl nul l  mu ta t ion  
comple te ly  abrogated the  capaci ty of HSFl -/ - cells to acquire 
th e rm o t o l e r a n c e  and thereby s igni f icant ly  increased their  
suscep t i b i l i t y  to, and reduced their  pro tec t ion  against ,  heat-  
i n d u c ed  apoptosis .  However,  unl ike  heat-st ress induced
j '-
ex pr es s i on , cons t i t u t i ve  expression of hsps was not affected 
(McMillan et al., 1998). In add i t ion ,  other  members of the HSF 
family did not compensa te  for loss of heat  shock 
respons iveness .  These f indings  provided the first direct  
ev idence  that  con s t i tu t ively expressed and ind uc ib l e  hsp 
family members exhibit  d i s t ing u i s hab le  func t iona l  roles in 
cell phys io logy.  More detai led analyses of the HSFl -/ - 
def ic ien t  mice dem ons t ra ted  tha t  these animals  exhibit  
m u l t i p l e  phen o t yp es ,  inc lud ing :  defects of the chor ioa l lanto ic
pla ce n ta  and prenata l  le thal i ty ;  growth re t a rda t ion ;  female 
in fe r t i l i ty ;  and exaggerated tumor  necrosis factor alpha (TNF- 
<x) p ro d u c t i o n  resul t ing in increased mortal i ty  after 
endo tox emic  and inf lammatory chal lenge (Xiao et al., 1999). 
The unexpec ted  f inding that  HSFl is required for 
d ev e lo p m e n t  of chor ioa l lanto ic  p lacen ta  and pos tn a ta l  growth 
needs  to be fully e luc id a ted ,  but based on 
imm un oh isto chemical  s tudies ,  Xiao and col leagues 
hypo t he s iz e d  that  it may not be related to the regula t ion of 
hsp gene expression.  Therefore,  it is possible that  HSFl, like 
Drosop hila  HSF* can regulate  non-hsp genes in placen ta l  
mammals .  Previous s tudies  have indica ted that  ver tebra te  
HSFs play a role in s p on ta neo us  hsp gene expression du r ing  
embryogenes is ,  deve lopment  and pos tn a ta l  growth (Tanguay 
et al., 1993; Chr is t ians  et al., 1997). However,  more th orough  
analyses is needed to de t e rmine  the role of HSFl in 
p o s t i m p l a n t a t i o n  dev e lopment  th rough  ident i f i ca t ion of HSFl 
ta rge t  genes and signal ing pathways regulated by the factor.
A direct  role for HSFl deficiency in pa thologica l  states 
in mice was proposed based on increased mortal i ty  and 
exaggerated TNF-a p ro du c t io n  du r ing  endotoxemia  (Xiao et 
al., 1999). P r e v i o u s  data dem ons t r a te d  that  p re - t re a tm ent  
with e i ther  heat shock or chemicals  which ind uc e  hsp 
expression improved the survival  of animals t reated with 
endo t ox i n  (Hotchkiss et aL, 1993). A role for HSFl in the 
regu la t ion  of cytokine gene expression has been proposed 
p rev ious ly  (Cahill  et al., 1996). These researchers found that  
HSFl acts as a t r an sc r ip t io na l  repressor  of p r o in te r l e u k in e  Ip
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gene expression in human monocytes  t reated with endotoxin .  
This  effect was str ict ly d e p e n d e n t  on an HSE in the 
p ro i n t e r l e u k i n  Ip promoter .  Thus,  increased p r o d u c t i o n  of 
p ro - in f l ammat ory  cytokine TNF-cc in HSF-/- animals provided  
di rec t  evidence for an in vivo  role of HSF1 in t r an sc r ip t io na l  
r epress ion.  This suggests an add i t ion a l  cy to pro tec t i ve  role for 
HSF1 in vivo  d u r i n g  patho logical  events.
In conc lus ion ,  gene t a rge t ing  exper iments  p rovided 
ev idence  for m ul t ip l e  funct iona l  roles for HSF1 in vivo.  Some 
of these roles appear  to be unrela ted  to its character i s t ic  
f u n c t i o n ,  as a s t ress-responsive t r a n s c r i p t i o n a l  act ivator  and 
shou ld  s t imula te  fur the r  s tudy of the funct ion and regula t ion 
of HSF1 in cell homeostasis .
T h e  c e l l  b i o l o g y  of  HSF1 a c t i v a t i o n
At the cel lular  level, HSF d i s t r ibu t i on  has been s tudied 
by e i ther  a b iochemical  approach (using cell fraction at ion 
and subsequent  analysis of nuclear  and cytoplasmic fraction 
in a gel mobi l i ty shift or Western blot assay), or by indi rec t  
im m u n o f l u o r e s e c e n ce on fixed cells. These exper iments  have 
p rov ided  cons i s t ent  results  with respect  to the subcel lular  
d i s t r ib u t io n  of the active t r imeric Drosophila  HSF or 
mammalian HSF1, which was always found to be nuclear  upon 
heat  shock (Larson et al., 1988; Musser et al., 1988; Zimarino 
et al., 1990; Westwood et al., 1991; Sarge et al., 1993; Baler et 
al., 1993; Sistonen et al., 1994; Zuo et al., 1995; Mercier et al.,
1998).  Earlier s tudies  have revealed that  upon exposure of
He La cells to heat shock,  HSF1 forms br ight ly  s ta ining nuclear  
foci or granules  (Sarge et al., 1993). These s t ruc tu res ,  whose 
appear anc e  correlates with HSF1 a c t i v a t i o n , are character ized 
in more detai l  in subsequent  s tudies  (Cotto et al., 1997; Jolly 
et al., 1997, 1999), in which it was shown that  they can be 
in d u c e d  by stresses o ther  than heat shock,  such as amino acid 
ana logues  or heavy metals.  The resul ts  of these s tudies  also 
showed that  granules  can be detected in l iving stressed cells 
us ing  green f luorescent  protein (GFP) tagged HSF1. 
Fur th e rm ore ,  the kinet ics  of thei r  formation paral lels  the 
t r an s i en t  in duc t ion  of heat shock gene t r an sc r ip t io n .  During 
th e  recovery from heat stress, granules  are no longer  detected 
bu t  HSF1 rapidly localizes to the same sites dur ing  a 
subse quen t  reexposure to heat shock.  Fluorescence recovery 
after p h o t o b l e a c h i n g (FRAP) exper iments  revealed that  the 
HSF1 tr imers are mobile within the d imens ions  of the 
g ranules ,  yet HSF1 can not be extracted readi ly from these 
s t r u c t u re s  by de tergen t  permeabi l i za t ion and salt extract ion 
of heat shocked cells. One p r om in en t  feature of heat  shock 
granu les  is that  they can be detec ted only in p r imate  cells, 
e i the r  pr imary or t r ansformed.  Secondly,  im m uno s t a in in g  
exp er iments  revealed that  HSF1 stress granules  do not 
co inc ide  with other  previously described nuclear  
c o m p a r t m e n t s  such as nucleol i ,  coiled bodies,  k ine tochores ,  
p rom yelocy tic leukaemia (PML) bodies or the speckles 
enr iched  in spl icing factors (Cotto et al., 1997). Fluorescent  
in situ hyb r id iza t ion  exper iments  gave con t r ad ic to ry  resul ts  
with respect  to colocal izat ion of granules  with t r ansc r ip t ion
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sites for h s p 70 and hsp90 genes. However,  the number  of HSFl 
g ranu les  correlates with ploidy of cells, which suggests  the 
exis tence of specific chromosomal  targets  (Jolly et al., 1997; 
He et al., 1998). The funct ional  s igni f icance of HSFl stress 
g ranu les  is not clear. It was proposed that  they def ine a 
c o m p a r t m e n t  for the regulat ion of HSFl act ivi ty which may 
func t i on  at mul t ip le  levels, such as induc ib le  
p h o s p h o r y l a t i o n ,  association with chaperones  or HSBP1 and 
changes  in ol igomeric state (Jolly et al., 1999). In this way, 
t h e  granules  may be sites for storage of active HSFl from 
which the  factor is recrui ted to the loci of active 
t r a n s c r i p t i o n .  Al ternat ively,  HSFl granules  may represent  sites 
where the factor is engaged in an act ivi ty d i s t inc t  from 
t r a n s c r i p t i o n ,  playing a s t r uc tu ra l  role in the chromat in  
changes  du r ing  heat stress. This view was su pp or t ed  by 
ex per iments  based on brom od eoxyu rid ine (BrUTP) 
i n c o r p o r a t i o n ,  in which,  only a very low level of 
in c o rp o r a t i o n  into the granules  was detec ted  (Jolly et al.,
1999).  In ad d i t i o n ,  the granules  form i n d e p e n d e n t l y  of active 
t r a n s c r i p t i o n  since they can be detec ted in heat  shocked 
mi to t i c  cells in which there is no heat shock t r an sc r ip t i ona l  
response ,  despi te  the act ivat ion of HSFl DNA-binding act ivi ty 
(Milarsky et al., 1986; Mosser et al., 1993; Mart inez-Balbàs et 
al., 1995). In teres t ing ly ,  other  heat  shock factors (HSF2, 3 and 
4) have also been visualized as nuclear  foci upon 
overexpression (Sheldon and Kingston,  1993; Nakai et al., 
1995, 1997), wi thou t  correlat ion with gene act ivat ion or heat 
shock response.
In cont ras t  to the s i tuat ion observed with the active 
HSF, the subcel lular  local izat ion of the inact ive HSF is still an 
open subject .  Biochemical  f ract ionat ion showed cytoplasmic 
local i zat ion of HSF in Drosophila  and HSFl in mammalian 
cells under  physiologica l  c on d i t i on s  (Larson et al., 198 8; 
Mosser et al., 1990; Zimarino et al., 1990; Westwood et al., 
1991; Sarge et al., 1993; Baler et al., 1993). This led to the 
p roposa l  that  heat shock induced nuclear  t r ans locat ion  of HSF 
and that  th is  event  r epresents  a step in the act ivat ion of HSF. 
By con t ras t ,  immunof luorescence  s ta in ing  of un stressed fixed 
cells showed ei ther  cytoplasmic (Zandi et al., 1997), or 
nuc l ea r  local izat ion of Drosophila  HSF (Westwood et al., 1991 ; 
Grosz et al., 1996). Its mammalian co u n t e r p a r t  HSFl was 
de t ec ted  ei ther  in both the nuc leus  and cytoplasm (Sarge et 
al., 1993), or as a p r e d o m in a n t l y  nuclear  prote in  (Rabindran 
et al., 1991 ; Mar t inez Balbàs et al., 1995; Cotto et al., 1997; 
Jolly et al., 1997, 1999; Mercier et al., 1998). The possible 
ex p l ana t i ons  for these disc repancies  are discussed in detai l  
below. Briefly, some of this  difference can be explained by the 
fact that  upon cell homogeniza t ion many nuclear  prote ins  
were found to "leak out" into the cytosol ic fraction (Paine et 
al., 1983),  and this  "leakage" is probably more acute with the 
inact ive  than with the active form of HSFl. On the other  
h a n d , the discrepancies  seen in imm unof luorescence  analysis 
can be traced to the difference in the ant ibodies  used,  which 
probably reflect their  specif ici ty for HSF s u b p o p u la t i o n s  in 
the  cell (Morimoto et al., 1994).
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Finally,  a report  of Wang and Lindquis t  (1998),  resul ts  
ob ta ined with the HSFA2 from tomato  (Heerklotz et al., 2000),  
as well as data  presented in this  work suggest  that  the 
in t r ac e l lu la r  local izat ion of HSF is dynamic and tha t  HSF has 
the  abi l i ty for nucleo cy toplasmic  sh u t t l i n g .  Wang and 
Lindquis t  showed that  heat shock-specif ic t r ansc r ip t ion  in 
Drosophila  early embryos is cont rol l ed  by the 
develop menta l ly  programmed relocal izat ion of HSF from the 
cytoplasm to the nuclei .  Heerklotz and col leagues repor ted 
th a t  steady state cytoplasmic local izat ion of tomato HSFA2 is 
d ue  to the nuclear  export  mediated by the leucine-r ich 
nuc lea r  export  signal (Heerklotz et al., 2000).  The data shown 
here  describe c o n t in u o u s  nuc leocy top lasmic  sh u t t l i n g  of an 
inac t ive  mammalian HSFl. This movemen t is reversibly 
d i s c o n t i n u e d  dur ing  heat stress and resumes du r ing  the 
recovery from stress cond i t ions .  Taken toge ther ,  these data 
suggest  that  nu cleocy top lasmic sh u t t l i n g  of HSFl may 
represen t  a novel  mechanism for regu la t ing  the act ivi ty of the 
factor  and th us  may have impl ica t ions  for the regula t ion of 
th e  heat  shock response (see Discussion) .
N u c l e o c y t o p l a s m i c  t r a n s p o r t
It is becoming ev ident  that  many biological  processes are 
con t ro l l ed  by regu la t ing  the movement  of m ac r o m o lee u les 
in to  and out of the nucleus .  This exchange occurs th rough  
nuc l ea r  pore complexes (NPCs) (Nigg, 1997; Do ye and Hurt ,  
1997; Oh n o et al., 1998), large m u l t i s u b u n i t  s t r uc tu res  that
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span both membranes  of the nuclear  envelope.  NPCs form 
aqueous  channel s  that  allow passive diffusion of small 
molecules  (up to 9 nm in diameter ) ,  while large molecules 
and complexes (up to 25 nm) are t r anspor ted  by an active 
(energy consuming)  mechani sm.
Signal-mediated nuclear  impor t  is a mul t i s t ep  process 
t h a t  requires energy,  phys iologica l  t em per a tu r e ,  a nuclear  
local i zat ion signal (NLS) on the subs t ra te  and soluble 
t r a n s p o r t  machinery.  The "classical" nuclear  local izat ion 
signal  is character ized by one or more clusters  of basic amino 
acids first ident i f ied in the large T ant igen of simian virus 40 
(SV40) (Kalderon et al., 1984) and nu cleop lasm in (Dingwall  é?r 
al., 1982). A schemat ic diagram of the "classical" nuclear  
im por t  pathway is shown in Figure 4. A protein carrying NLS 
is bound by a cytoplasmic receptor  that  consist  of impor t i ns  
a  and p (Gorlich and Mattaj ,  1996). There is a growing 
n u m b e r  of impor t  in a  and impor t in  p family members in 
mammalian cells that  play a d is t inc t  role in nuclear  target ing.  
Impor t in  a  family members serve as adapter s  tha t  br idge NLS- 
con tain in g cargoes and impor t in  p. Import in  p targets  the 
complex to the NPC; the complex is than t r anslocated  th rough  
the  NPC into the nuc leus  where it is dissociated by the 
b in d i n g  of Ran-GTP to impor t in  p. Imp or t an t ly ,  docking of 
the  ca rgo- receptor  complex at the cytoplasmic face of the NPC 
is e n e rg y - i n d e p e n d e n t  and can occur at low te m pe r a t u r e  
(4°C), whereas t r ans locat ioh  th rough  the NPC dep e nd s  on 
energy and t empera tu re .
Cytoplasm
Nuclear memebrane
^  J  Nuclear pore complex (NPC)
O  RanGTP
•  O  RanGTP—i >Nucleus
Figure 4. Schematic view of a "classical" nuclear protein import cycle. The 
NLS-bearing cargo forms a complex with the import receptor in the cytoplasm 
which first docks to the cytoplasmic periphery of the NPC, and is subsequent­
ly translocated to the nuclear side of the NPC. Import requires cytoplasmic 
Ran to be in its GDP-bound form. The translocation into the nucleus is termi­
nated when protein cargo dissociates from the import receptor by direct 
binding of nuclear  Ran-GTP to the import  receptor .
Cargo with NLS
□  RanGDP
i»
>
Import receptor
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Protein export  shares many similar i t ies  with protein 
impor t .  It also requires energy,  phys iological  t e m per a tu r e ,  a 
nuc l ea r  export  signal (NES) on the subs t ra te  and soluble 
t r a n s p o r t  factors.  The best character ized pathway uses a 
leucine-r ich  nuclear  export  signal (NES), first ident i f ied  in 
HIV REV protein and in protein kinase A inh ib i t o r  (PKI) 
(Fischer et al., 1995; Wen et al., 1995). In the nucleus ,  an NES- 
con tain in g protein is bound by a soluble export  receptor ,  
known as CRM1 (Export in 1 ). Unlike imp or t i ns ,  this b inding  
requi res  the presence of Ran-GTP. The t r imeric complex of 
NES-con tain in g cargo, Exp or t in 1 and Ran-GTP is then 
t r ans loca ted  to the cy to p la sm , where it dissociates  upon Ran­
GTP hydrolys is  (Figure 5). Like in the case of prote in impor t ,  
t r ans loca t ion  of the t r imeric complex t h rough  the NPC is an 
energy-  and t e m p e r a t u r e - d e p e n d e n t  s t e p .
Recent  data suggest  that  the Ran-GTPase cycle plays an 
essent i al  role in d ic ta t ing  d i rec t iona l i ty  of t r an sp or t  across 
th e  nuclear  envelope (Gorlich et al., 1996; I zzauralde et al., 
1997).  The cytoplasmic local izat ion of Ran-GAP1, a p r inc ipa l  
Ran -GTPase act iva t ing protein (Hopper  et al., 1990; Matunis  
et al., 1996) and the nuclear  local izat ion of a major Ran-GTP 
exchange factor,  ch romat in  bound RCC1, (Ohtsubo et al., 
1989; Bise h off and Ponst ingl ,  1991) p red ic t  a high 
co n c en t r a t io n  of Ran-GTP in the nucleus  and a low 
co n c en t r a t io n  of Ran-GTP in the cytoplasm (Gorlich et al., 
1997).  This asymmetr ic  d i s t r ibu t ion  of Ran-GTP is fur the r  
faci l i ta ted by two cytoplasmic pro te ins .  Ran -bind in g prote ins  
1 and 2 (RanBP 1, RanBP2) (Bischoff et al., 1995). It is th o u g h t
o
RanGTP
Nucleus
#
Cargo with NES
y
Export receptor
O  RanGTP
Nuclear membrane
Nuclear pore complex (NPC)
□ RanGDP ÿ  -, y  *
□ + n
Cytoplasm
Figure 5. Schematic view of Exportin 1-mediated 
nuclear protein export. The formation of the export 
receptor-cargo complex is supported by high level 
of RanGTP in the nucleus. Once in the cytoplasm, 
RanGTP is converted to its GDP-bound form and the 
export-cargo complex disassembles.
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th a t  this gradient  de te rmines  d i rec t iona l i ty  of t r anspo r t  by 
reg u la t ing  the stabil i ty of t r ansp or t  receptor-cargo complexes;  
im p or t in-cargo complexes form in the cytoplasm and 
dissocia te  in the nucleus ,  whereas exp or t in  -cargo-Ran-GTP 
complexes form in the nucleus  and dissocia te  in the 
c y t o p l a s m . The Ran GTPase cycle has also been proposed to 
media t e  prote in t r anslocat ion th r ough  the NPC by GTP 
hydrolys is .  However,  there is evidence suggest ing tha t  certain 
subs t ra tes  can be t r anspor ted  into and out of the nucleus  in 
the  absence of Ran -mediated GTP hydrolys is  (Nakielny and 
Dreyfuss,  1998; Ribbeck et al.t 1999).
In recent years it has become evident  that  mul t ip le  
pa thways  exist for protein impor t  and export .  Apart from the 
"classical" NLS and leu cine-rich NES, other  signals dr iving 
nuc lea r  impor t  or export  of p ro te ins ,  have been described and 
character i zed  to varying extents  (Kambach and Mattaj ,  1992; 
Michael  et al., 1995, 1997; Truant  et al., 1998). In some cases, 
im po r t i n  g-related impor t  and export  receptors  media t ing  the 
t r a n s p o r t  th r oug h  these signals have been ident i f ied (Siomi et 
al., 1997). These s tudies  have revealed complex regula t ion of 
p ro te in  t rafficking in Eukaryot ic cells. For example,  some 
impor t  pathways do not ut i l ize impor t in  ot adap te r ,  but rather  
im por t  cargo bound direct ly  to one of the impor t in  p family 
members  (Palmeri and Malim, 1999). Several impor t  receptors  
have been shown to recognize and impor t  more than one kind 
of NLS (Jakel and Gôrl ich,  1998). Furthe rmore ,  it appears  that  
in some cases t r ans locat ion of ei ther  a receptor  or receptor-
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cargo complex th rough  the NPC is i n d e p e n d e n t  of Ran and 
energy (Nakielny and Dreyfuss,  1998; Ribbeck et al., 1999).
N u c l e o c y t o p l a s m i c  s h u t t l i n g
Unlike p ro te ins  tha t  reside con s t i tu l i ve ly  in the nuc leus  
or in the cytoplasm,  some pro te ins  move c o n t in u o u s l y  back 
and f o r t h . This behaviour  is termed nuc leocy top lasmic  
s h u t t l i n g  and has been observed for nucleola r  p ro te ins ,  RNA- 
b in d in g  p rote ins ,  viral regula tory  p ro te ins ,  t r ansc r ip t ion  
factors and nuclear  i m p o r t / e x p o r t  r eceptors .  In many cases, 
s h u t t l i n g  is mediated by combined act ions of the NLS and the 
NES in a p ro te in ,  such as, for example,  sh u t t l i n g  of p53 
(Middeler  et al., 1997; Stommel et al., 1999), NE-AT (Zhu and 
McKeon, 1999),  c-Abl tyrosine kinase (Taagepera et al., 1998) 
or viral r egula to ry  p ro te ins  Rev (Meyer and Malim, 1994), E1B 
and E4 (Dobbelstain et al., 1997). For o ther  sh u t t l i n g  
p ro te ins ,  signals have not yet been charac te r ized .  It was 
p roposed  that  the NLS of the p roges te rone  receptor  mediates  
both nuclear  impor t  and export  (Gu ich on -Man tel  et al., 1994), 
but  this observat ion was not fu r the r  character i zed .  An 
emerg ing  class of t r ans po r t  signals known as 
nuc leocy to p la sm ic  s h u t t l in g  (NS) signals can also cont rol  
s h u t t l i n g .  NS signals,  unl ike NLS and NES, can direct  both 
nuc lea r  impor t  and nuclear  export .  The best character ized  NS 
signal  is the M9 domain ,  a 38 amino acid sequence that  
con t ro l s  t raff icking of hnRNPAl (Michael et al., 1995). All NS- 
c o n t a i n i n g  p ro te ins  ident i f ied so far are mRNA b ind ing
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p r o te in s  (Michael et al., 1997 ; Fan et al., 1998; Tan g et al., 
1999).
With respect  to the steady state subcel lular  loca l i za t ion , 
s h u t t l i n g  p ro te in s  are found to be ei ther  p r e d o m i n a n t l y  
nuclea r  or cytoplasmic or d i s t r ibu ted  in both co m par tm ent s .  
The steady state d i s t r ibu t ion  of sh u t t l i n g  p ro te ins  probably 
ref lects the rate at which these p rote ins  are impor ted  into 
and exported from the nucleus.  Therefore,  for the s hu t t l in g  
p r o te in s  tha t  are p r e d o m in a n t l y  nuclear  at s teady state 
( p ro ges te rone  receptor ,  p53,  hnRNPAl)  the lack of 
cytoplasmic  s ta ining in immunof luorescence  exper iments  can 
be explained by the speed of b id i rec t ional  movement  which 
causes them to be present  in the cytoplasm only t r ans ien t ly .
Nucleocytop lasmic  sh u t t l i n g  has been s tudied  by using 
di f fe rent  t r anspo r t  assays such as formation of t r ans ient  
in te r spec ies  heterokaryon s or nuclear  mic ro in jec t ion  in 
X enopus  oocytes.  The t r ansient  in terspecies  heterokaryon 
assay has proven to be par t icu la r ly  useful  because it allows 
easy ident i f i ca t ion of sh u t t l i ng  p ro te ins  (e i ther  en doge nous  
or overexpressed)  by immunofluorescence .  In a d d i t i o n ,  it is 
possible  to de l inea te  an NES in such p rote ins ,  even if it is 
c o i n c id e n t  with the NLS. On the other  hand ,  X enopus  oocyte 
nuc lea r  inject ion requires the use of r ecombinan t  prote ins ,  
does not allow easy ident i f i ca t ion  of sh u t t l i n g  p rote ins ,  but  
allows q u a n t i t a t i v e  analysis of both impor t  and export  
pa thways  and thei r  characte r i za t ion th r oug h  compet i t ion  
exp er iments  (Nakielny and Dreyfuss,  1997). Ini t ial  s tudies  
com bin ing  these two assays have demons t ra t ed  that  major
nuc leo la r  protein s, nu c l eo l i n , Nop p 140 and N038 are 
s h u t t l i n g  p ro te ins  (Borer et al.t 1989; Sch m id t-Zach m an et al., 
1993).  These p ro te ins  showed very slow kinet ics  (24 hours)  of 
i n t e rn u c l e a r  t ransfer  in he te rokaryons  or nuclear  export  upon 
mic ro i n jec t ion .  The signals,  mechanism and role of this  
pa thwa y  are still unknown,  but based on these f indings it was 
p roposed  that  sh u t t l i n g  abili ty of nuclear  p ro te ins  is 
p r imar i ly  de termined  by in t r anu c l ea r  in te rac t ions ,  r ather  
than  posi t ively act ing export  signals.  However,  subsequent  
expe r iments  showed that  for most o ther  sh u t t l i n g  p ro te ins  
th i s  was not  the case. Rather,  nuc leocy top lasmic  sh u t t l i n g  is a 
r egu la ted  process that  was pos tu la ted  to have a role in 
cel lu lar  funct ions .  This was inferred from the fast shut t l ing ,  
( expor t)  kinet ics  in the heterokaryon assay, or upon 
mic ro in jec t ion  in X enopus  oocyte nucleus .  For example,  two 
hsp70- re la ted  p rote ins  of X enopus  and the rat heat shock 
cogn a te  (hsc70) were exported within 2 hours  of 
mic ro in jec t ion  (Mandel l  and Feldherr ,  1990). Overexpressed 
p 53 ap pa ren t ly  equi l ibrates  between nuclei  of he te rokaryons  3 
ho ur s  post- fusion (Stommel et al., 1999). Glucocort icoid 
recep to r  shows similar export  kinet ics  (4 hours  in 
he t e rokaryon  assay), whereas many RNA-bind in g p ro te ins  
(hnRNPAl)  and viral regula tory p ro te ins  (HIV Rev) showed a 
very fast export  rate in this assay (1 hour  or 45 m i n , 
respec t ive ly ) .  Ident i f icat ion of NLS and NES signals fur ther  
he lped  to character i ze  sh u t t l i ng  p ro te ins .  It turned  out  that  
many  of them have leu cine-rich NES (p 53, HIV Rev, act in,  
MAPKK) which is recognized by the Crm 1 (Export in 1) nuclear
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expor t  receptor .  Fur the rmore ,  the discovery of LeptomycinB 
(LMB), which specifically inh ib i t s  Export in 1 helped to 
iden t i fy  more p rote ins  con ta in i ng  leucine-r ich NES. Many of 
these  p ro te ins  (act in,  interferon regula tory  factor-3,  MEK1 ) 
are p r e d o m in a n t l y  cytoplasmic at steady state.  Such a 
d i s t r i b u t i o n  is probably the result  of a high export  rate since 
LMB t rea tm ent  causes nuclear  accumula t ion .  Therefore,  it is 
assumed that  these p ro te ins  shu t t l e  co n t in u o u s l y  between the 
n u c l e u s  and the cytoplasm in vivo. Com ponen ts  of the 
nuc l eocy t op lasm ic  t r anspor t  machinery ,  im por t i ns  and 
expor t ins ,  are themselves s h u t t l i n g  prote ins .  After del ivery of 
a protein cargo they are t ransferred back to the or iginal  
c o m p a r t m e n t  for a new round of cargo loading and t ranspor t .  
For example,  upon dissociat ion from a protein cargo in the 
nu c l eu s ,  import in  a  is t r ansp or ted  back to the cytoplasm by 
the  action of the specific export  receptor  CAS (Kutay et al.,
1997).  However,  the impor t in  a  NES is not yet ident i f i ed .
F u n c t i o n a l  i m p l i c a t i o n s  of  s h u t t l i n g
As ment ioned  above, nuc leocy top lasmic  sh u t t l i n g  is a 
func t ion  common to man y protein s belonging to different  
classes,  such as mRNA-binding p ro te ins ,  spl icing factors,  viral 
r eg u la to ry  p rote ins ,  t r ansc r ip t ion  factors,  tyros ine kinase 
receptors  and s t r uc tu ra l  p rote ins .  What is the role of their  
c o n t i n u o u s  movement?  For s h u t t l i n g  mRNA-binding prote ins ,  
it was suggested that  they play a role in mRNA export  from 
the  nuc leus ,  since electron microscopy exper iments  showed
t h a t  mRNA export  occurs in the context  of r ibonuc le opro te in  
(RNP) par t ic les  (Mehlin et al., 1992, 1995). Similarly,
s h u t t l i n g  of SR pro te ins  could faci l i tate mRNA t ranspor t  
t h r o u g h  the NPC or have cytoplasmic funct ions ,  such as on 
mRNA stabi l i ty,  local izat ion or t r ans la t io na l  regula t ion 
(Càceres et al., 1997). Consider ing thei r  ab un da nce  and fast 
s h u t t l i n g  kinet ics ,  both hnRNPs and SR pro te ins  can also act 
as carriers of p ro te ins  to both com par tm ent s .  Another  
poss ibi l i ty  is that  t r ansient  passage th r ough  the cytoplasm 
may allow thei r  nuclear  act ivi t ies  to be regulated by some 
cy toplasmic  com po nen ts  such as enzymes,  as proposed 
p revious ly  for s h u t t l in g  nucleolar  p r o te ins  (Borer e t al., 
1989).  Viral r egula tory  p ro te ins  such as HIV Rev play an 
essent i al  role in the nuclear  export  of in t ron-con tain in g viral 
t r an s c r i p t s  (Felber et al., 1989; Malim et al., 1989). A similar 
role was also proposed for sh u t t l i n g  of adenoviral  
o n c o p r o t e i n s  ElB and E4 (Dobbelstain et al., 1997). On the 
o the r  h a n d , nuc leocy top lasmic  sh u t t l i n g  of cyclin B1 was 
p roposed to be an add i t iona l  mechanism for coor d in a t ing  
nuc lea r  and cytoplasmic aspects of ent ry  into mitosis (Yang et 
al., 1998; Hagting et al., 1998). In a dd i t io n ,  a possible role of 
cyclin B1 nuclear  export  has been proposed for the DNA 
dam ag e- in du c ed  Gj checkp oin t  (Toyosh im a et al., 1998). NES
media ted  nuclear  export  of actin may be ut i l ized to ensure 
cy toplasmic  local izat ion,  i.e. nuclear  exclusion und er  normal  
co n d i t i o n s ,  since the presence of actin in the nucleus can be 
ha r mf u l  to the cell (Wada et al., 1998). However,  the existence 
of a nuclear  pool  of actin has also been discussed (Rando et
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a/., 2 0 0 0 ) and it is possible that  sh u t t l i n g  of actin has an
ad d i t i o n a l  role in cell physiology.
T h e  r o l e  of  n u c l e o c y t o p l a s m i c  t r a n s p o r t  a nd  
s h u t t l i n g  in t r a n s c r i p t i o n a l  r e g u l a t i o n
Nuclear  import  and export  may represent  im po r t an t  
r eg u la to ry  checkp oin t s  in the cont rol  of gene expression by 
t r a n s c r i p t i o n  factors.  A number  of s tudies  indica te  that  this  
r egula t ion  is exerted by t r ansc r ip t ion  factors at the level of 
the  t r ans por t  subst ra te .  Some t r an sc r ip t io n  factors are
anchored  e i ther  in the cytoplasm or in the nucleus  th r ough  
b in d in g  to other  s t ruc tu res  or par tne rs .  For example,  sterol 
r egu la to ry  element  b ind ing  protein (SREBP) is inserted in the 
membrane  of the endoplasmic  re t i cu lum.  Upon sterol
d e p l e t i o n ,  SREBP is p roteo ly t i ca ly  cleaved and a por t ion of 
SREBP co n ta in i ng  the DNA-binding domain ,  basic NLS and a 
t r ans ac t i va t io n  region is t ranslocated to the nucleus  where it 
ac t iva tes  t r ansc r ip t i on  of target  genes (Brown et al., 1997). 
Cytop lasmic anchor ing  was also described for a t e mp era tu r e -  
sensi t ive  m u ta n t  of p 53  VallSS^ which accumulates  in the 
cytoplasm at r est r ic t ive t emper a tu re s  due to its b ind ing  to 
the  cy to skeleton : at permissive t e mp era tu res ,  this protein
ac cu mu la te s  in the nucleus  (Klotzsche et al.y 1998). In a 
similar  manner ,  association with its specific chromat in  targets  
p r e v e n t s  nuclear  export  of the g lucocor t i coid  receptor  in the 
p resence  of hormone.  Upon hormone  wi thdrawal ,  there  is a
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rapid release of the receptor  from chromat in  followed by 
nuclea r  export  back to the cytoplasm (Yang et al.y 1997).
In o ther  cases, regulat ion of nu cleocy top lasmic 
local izat ion is achieved th rough  masking of NLS/NES, ei ther  
as a consequence  of conformat iona l  change or by association 
with an in te rac t ion  par tne r .  Two examples of such regulat ion 
are the yeast t r ansc r ip t ion  factor Pho4 and mammalian 
t r an sc r ip t io n  factor NF-AT. The subcel lular  d i s t r ibu t ion  of 
these  p ro te ins  is modula ted  th rou gh  pos t - t r an slat ion al 
modi f i ca t ions  i.e. pho sp hory la t ion  and d ep h o s p h o ry l a t i o n .  In 
t h e  absence of p h o s p h a te  in the growth medium,  Pho4 is 
u n d erp h osp h ory lated and direct ly in terac t s  with its nuclear  
impor t  receptor .  Once in the nuc leus ,  Ph o4 act ivates 
t r an sc r i p t i o n  of phosph a t e - res pon s ive  genes. In the presence 
of  p h o s p h a te  in the growth medium,  nuclear  Pho4 becomes 
p h osp h o r y l a t e d , in te racts  with its nuclear  export  receptor  
Msn 5 and is exported to the cytoplasm where 
p h o s p h o r y la t io n  inh ibi ts  its in teract ion  with the impor t  
r ecep to r  (Kaffman et al.y 1998). A similar mechanism of 
deph  o sp h ory la t i o n - d e p e n d e n t  NLS unmask ing  coupled to 
p h osp h o r y l a t i o n -d ep en d en t NES unmask ing  also regulates  the 
nuc leocy to p la sm ic  d i s t r ibu t ion  of NF-AT. In rest ing T cells, 
NF-AT is cytoplasmic,  but upon TCR and CDC28 coreceptor  
ac t iva t ion ,  increased int racel lular  calcium tr iggers NF-AT 
d e p h o s p h o r y l a t i o n ,  NLS unmask ing  and subsequent  nuclear  
im po r t .  Upon re turn of calcium to rest ing levels,  nuclear  NF- 
AT is ph osp h orylated al lowing NES to be exposed and NF-AT 
is exported back to the cytoplasm by the Crm 1 nuclear  export
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recep tor  (Crabtree,  1999). In cont ras t ,  oxidat ion of Yap Ip ,  a 
yeast  A P I  -like t r ansc r ip t ion  factor inhib i t s  its b ind ing  to 
Crm 1 (Yan et al., 1998), resu l t ing  in nuclear  accumula t ion .
Another  example of regulated protein export  in the fission 
yeast  is provided by the t r ansc r ip t ion  factor Pap 1. Under  
co n d i t i o n s  of oxidat ive stress its in te rac t ion  with Crm 1 is
d i s r u p te d  and Pap 1 is t r ansp or ted  to the nucleus;  this
t rans loca t ion  is d e p e n d e n t  on st ress-act ivated MAP kinase 
Sty 1 (Toone et al., 1998).
NLS masking can also be achieved th rou gh  the
associat ion of a t r ansc r ip t ion  factor with an inh ib i to r .  The 
best character ized example is the NF-kB t r ansc r ip t ion  factor 
complexed with inh ib i to ry  molecules,  IkBs, that  d i rec t ly  mask 
NLS of NF-kB. The cytokine  and s t ress- induced s t imulat ion  
leads to the IkB p h o s p h o r y la t io n ,  ubiqu i t in at ion and 
d eg ra d a t i o n .  NF-kB i n teracts  with nuclear  impor t  receptor  and 
en te r s  the nuc leus  (Baeuerle and Balt imore,  1996). Similarly,  
h o r m o n e  b ind ing  to the glucocor t icoid receptor  in the 
cytoplasm t r iggers  dissociat ion of inh ib i to ry  chaperone  h s p 90 
and NLS unmask ing  (Prat t ,  1992).
NLS unmask ing and nuclear  t r ans locat ion  can be 
t r iggered  also by in te rac t ion  with an ac t iva tor  p r o t e i n , as in 
th e  case of mammalian MAP kinase ERK1 that  t r ans locates  into 
th e  nucleus  upon p h o s ph ory la t i on  and horn od imerizat ion 
(Khokhla tchev  et al., 1998). The leucine-r ich NES of PKI, a 
specific inh ib i to r  of the catalyt ic  subun i t  of cAMP-d ep en den t 
p ro te in  kinase,  is exposed only when PKI binds  to the
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cataly t ic  subun i t  of the kinase in the nuc leus  p r om ot i ng  its 
nuc l ea r  export  (Wen et al., 1995).
Finally,  some t ransc r ip t ion  regula tory p ro te ins  not 
c o n t a i n i n g  any NLS or NES interact  with NLS- or NES-bearing 
pa r tne rs .  This t r anspor t  mechanism is called “p iggy-back” . For 
example ,  pancrea t i c  t r ansc r ip t ion  factor 1 (PTF-1), which
exists in the  cytoplasm as a dimer,  is impor ted  to the nucleus  
t h r o u g h  an in terac t ion  with the NLS con ta in in g  p rote in  p75 
(Sommer et al., 1991),
Taken together ,  these examples i l lus t ra te  that  r egulated 
nu cleocy top lasmic t r anspor t  of t r a n s c r i p t i o n a l  regu la to ry  
p ro te in s  is a common mechanism in the con tro l  of gene 
express ion.  Apart from playing a role in cont ro l l ing  
local izat ion of t r ansc r ip t ion factors,  nu cleocy top lam ic 
s h u t t l i n g  could also have other  impl ica t ions  for the i r  
fu n c t io n .  For nuclear  t r ansc r ip t ion  factors such as 
p rog es te rone  receptor ,  p53 and HSFl, the t r ansi t  th r oug h  the 
cytoplasm provides  the o p p o r t u n i t y  for c o n t i n u o u s  sampling 
of the cytoplasmic  en v i ronm e n t .  Since these t r ansc r ip t ion  
factors appear  to shu t t l e  c o n t in uo us ly ,  they can receive and 
in te g ra te  in p u t s  from both co m pa r tme n ts .  This could be 
achieved th ruu gh  an interact ion with comp art m e n t -specific 
r egu la to r s  such as enzymes,  l igands or metabol i tes .  For 
example ,  compar tment - speci f i c  post- t ran slat ion al modif icat ion 
may play a role in modula t ion  of their  act ivi ty.  In the case of 
p 5 3 , it was proposed that  nuclear  expor t ,  mediated by h d m 2 , 
t a rge ts  p53 for degrada t ion  in the cytoplasm (Roth et al..
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1998). Al ternat ively,  sh u t t l i ng  t r ansc r ip t ion  factors may have 
an unknown funct ion in the cytoplasm.
In conc lus ion ,  fur ther  charac ter i za t ion  of t r an spo r t  
r ecep to rs  and pathways ut i l ized by t r ansc r ip t i on  factors,  as 
well as de ve lopm en t  of inhib i to r s  of their  ac t ivi ty ,  is likely to 
unco ve r  the precise role for sh u t t l i n g  in t r ansc r ip t i on  factors 
f u n c t i o n .
MATERIALS AND METHODS
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Growth and manipulations of E.col i
Procedures were as described by Sambrook et al.y 1982. The following 
strains were used: sNM522 (F*lac^D(lacZ)Ml 5proA+ /SupEthi^flac-
proAB)A(hsdMS-mcrB)5(rk mkMcrBC), A(gptPROA)62leusupE44
aral4galK2lacYlA(mcrC-mrr)rpsL20(Strr)xyl5mtl-lrecAl3 and MCI061/ 
P3 (F'araD139 A(ara-leu)7696 galElS galK16 A(lac)X74 rpsL(Strr) 
hsdR2(rk mk ) mcrAmcrBl (Invitrogen). Strains were stored as 50%
glycerol stocks at -80°C.
P r e p a r a t i o n  o f  c o m p e t e n t  b a c t e r i a  a n d  t r a n s f o r m a t i o n
10 ml of Luna Bertani (LB) medium (1% bactotryptone; 0.5% yeast 
extract; 0.5% NaCl; all purchased from BDH) were inoculated with a 
single colony from a freshly streaked LB agar plate and incubated 
overnight (O/N) at 37°C with shaking at 225 rpm. NM522 or MC1061/P3 
required medium containing Tetracycline or Kanamycin, respectively. On 
the next day, 5 ml were used to inoculate 500 ml of medium in a 2L 
flask. Cultures were grown at 37°C until A436 = 0.5-0.6 (approximately 3- 
4 hours). After immersion in ice-water bath (0°C) for 30 min, cells were 
pelleted at 6000 rpm for 20 min at 4°C. The pellet was resuspended in 
200  ml ice-cold CaClz solution (100  mM) and the suspension was 
incubated in ice for 30 min and then centrifuged at 6000 rpm for 15 min 
at 4°C. This step was repeated twice except that pellet resuspension was 
in in 45 ml and then 5 ml of ice-cold CaClz. After addition of 1-2 ml pre­
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chilled 50% glycerol, suspension was mixed gently by pipetting up and 
down with a blue tip and aliquoted (100 pi). Aliquots were quickly 
frozen in liquid nitrogen and stored at -80°C. Cells prepared this way are 
competent for at least 3 months.
For transformation, an aliquot of competent cells was thawed on
ice for 5 min, mixed with plasmid DNA or an aliquot of ligation mixture
(usually 1/3 of ligation mixture, i.e. 10 pi), gently flicked and incubated 
at room temperature for 15 min. Cells were plated on LB-agar plates with 
appropriate antibiotic selection and incubated O/N at 37°C, The
antibiotics were used at the following concentrations: Ampicillin (Sigma) 
150 pg/ml. Tetracycline 20 pg/ml and Kanmycin (Boehringer) 40 pg/ml. 
MC1061P3 strain was plated on plates containing 30 pg/ml Ampicillin 
and 7.5 pg/ml Tetracyclin (Boehringer). Antibiotics stock solutions were 
100 mg/ml Ampicillin, 10 mg/ml Kanamycin and 10 mg/ml Tetracyclin.
DNA MANIPULATIONS
General manipulations with DNA were all done according to Sambrook et 
al.y 1982, with some modifications.
E n z y m a t i c  m a n i p u l a t i o n s  o f  D N A
DNA restrictions with commercial buffers and enzymes (New
England Biolabs, Fermentas, Boehringer Mannheim) were according to 
manufacturer's instructions. Usually, 5-10 units (U) of enzyme were used 
to digest Ip g of DNA for 60-90 min at appropriate temperature. 
Reactions were stopped by 6X loading buffer (20% (w/v) sucrose; 10 mM
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Tris-Hcl pH8,0; 5 mM EDTA pH8,0; 0.1% bromphenol blue). When 
needed, dephosphorylation  reactions were carried directly as follows. 
After heat inactivation of restriction endonuclease (70°C for 20 min), 10 
pi of dephosphorylation buffer (Boehringer) and 2 U of Calf Alkaline 
Phosphatase (Boehringer Mannheim) were added and the volume was 
adjusted to 100 pi with water. The DNA was dephosphorylated for 60 
min at 37 °C. The reaction was stopped by adding EDTA to a final 
concentration of 5 mM. Phosphatase was inactivated for 20 min at 65°C 
after which the sample was extracted twice with equal volume of 
phenol/chlorophorm (1:1). DNA was precipitated by addition of 1/10 vol 
of 3M CHgCOONa pH5.2 and 2.5 vol of absolute ethanol. After incubation 
at -80°C for 15 min or -20°C overnight, DNA was pelleted by 
centrifugation for 10 min in microfuge at 4°C. The pellet was washed 
with 70% ethanol, dried at 37°C and dissolved in an appropriate volume 
of buffer. Ligation reactions were with T4 DNA ligase (Boehringer) and 
commercial buffer, according to manufacturer's instructions. Typically, 
1-5 ng of vector was mixed with 100-150 ng of “insert” and incubation 
was performed for 4 hours at 16°C or overnight at 4°C. 1/3 of ligation 
mixture (10-12 pi) was typically used for transformation of competent 
cells as described above.
Agarose gel electrophoresis was in IX TAE buffer (40 mM Tris-
acetate pH7.2; 1 mM EDTA) at ambient temperature under constant
!
voltage of lOV/cm in Wide Mini Sub Cell Apparatus (Bio-Rad) and using 
Bio-Rad Electrophoreis Power Supply. Ethidium bromide (10 pg/ml) was 
added prior to pouring the gel. Gels were observed under UV-GEN TM  
Transiluminator (Bio-Rad) and photographed using video copy processor 
(Mitsubishi).
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PURIFICATION AND QUANTITATION OF DNA
P u r i f i c a t i o n  o f  D N A  t h r o u g h  A g a r o s e  G e l
After restriction, PCR products or plasmid fragments were run 
through agarose gel of appropriate concentration, the band of interest 
was illuminated with UV lamp (Spectroline) and excised with a clean 
scalpel. The band was then cut into small pieces that were inserted into a 
blue tip with a filter. The tip was placed into L5 ml eppendorf tube and 
centrifuged in microfuge at room temperature for 20 min at 6000 rpm. 
The soluble content of the gel was recovered from the eppendorf tube, 
extracted twice with the equal volume of phenol/chloroform (1:1) and as 
described above.
P u r i f i c a t i o n  o f  P l a s m i d  D N A .
Purification of plasmids on JETSTAR anion exchange column 
(Genomed) was according to manufacturer's protocol involving alkaline 
lysis of bacteria. 100 ml O/N bacterial culture was harvested by 
centrifugation for 20 min at 6000 rpm at room temperature. Cells were 
resuspended in 10 ml of solution El (50 mM Tris HC1 pH8.0; 10 mM 
EDTA pH8.0; RNAse 10 pg/ml) and lysed upon addition of 10 ml of 
solution E2 (200 mM NaOH; 1% SDS) followed by gentle mixing until the 
lysate appeared homogenous. After neutralization with 10 ml of cold 
solution E3 (3.ÎM CH3 COOK pH5.5) the lysate was cleared by
centrifugation for 30 min at 15000 rpm at room temperature. The 
cleared lysate was applied on the column pre-equilibrated in solution E4 
(600 mM NaCl; 100 mM CH3COOK pH5.0; 0.15% TritonX-100). The
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column was washed with 60 ml of solution E5 (800 mM NaCl; 100 mM 
CH3COOK pH 5.0) and eluted with 15 ml of solution E6 (1.25 M NaCl; 
100 mM Tris-HCl pH8.5). The DNA was precipitated and then dissolved 
in 0.5 ml of water. The concentration was determined 
spectrophotometrically by reading OD26O nm of 1:100 dilution of DNA in 
water and using conversion factor lOD260=50 pg/ml.
For plasmid preparation by Cesium Chloride Density Gradient 
C entrifuga tion ,  typically a bacterial pellet from 0.5L culture was 
resuspended in 10 ml of cold TES buffer (50 mM Tris-HCl pH7.5; 40 mM 
EDTA; 25% (w/v) sucrose). To this suspension, 1 ml of lysozyme (Sigma) 
was added (from 10 mg/ml freshly prepared stock kept at 4°C) and 
suspension was incubated for 10 min on ice after which 3.7 ml of 250 
mM EDTA pH8.0 were added and incubation on ice continued for 
additional 5 min. At this point, 14.5 ml of cold Triton solution .(made by 
mixing 1 ml of 10% TritonX-100, 31.5 ml of 25 mM EDTA pH8.0, 5 ml of 
IM Tris-HCl pH8.0 and 62.5 ml of water) was added and the mixture was 
incubated on ice for 10 min. Debris was removed by centrifugation at 
18.000 rpm for 30 min. After addition of 1/10 vol of 5M NaCl and 0.8 
vol of isopropanol, the supernatant was in ice for 30 min and then 
centrifuged at 9000 rpm for 30 min at 4°C. The pellet was air dried and 
resuspended in 10 ml of 1XTE buffer (10 mM Tris-HCl pH8.0; 1 mM EDTA 
pH 8.0). 10 gr of CsCl was then dissolved in this solution and 150 pi of 
ethidium bromide was added from the stock solution (10  mg/ml 
dissolved in water). After centrifugation for 5 min at 2000 rpm the 
transparent solution was transferred to 10 ml ultra crimp plastic tubes 
(Sorvall), avoiding the floating debris. Tubes were closed with plugs and 
sealed with heat. The plasmids were banded for 18 hours at 50.000- rpm 
at room temperature in Sorvall Ultracentrifuge. The band corresponding
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to supercoild plasmid DNA was collected in a 10 ml plastic syringe 
connected to a 18-gauge needle. Usually, between 1-3 ml were collected. 
Ethidium bromide was removed by repeated extractions with the equal 
volume of isoamyl alcohol in a syringe, inverting the syringe few times 
until water phase (lower) became colorless (usually, three extractions 
were sufficient). The sample was then transferred to a dialysis tube 
(Sigma) and dialyzed O/N at 4°C against IX TE buffer (ratio 1:2000). The 
DNA was then transferred in 1.5 ml eppendorf tube and precipitated.
S m a l l  S c a l e  P l a s m i d  D N A  P r e p a r a t i o n  ( " m i n i  p r e p " )
The isolation of plasmid DNA from 1.5 ml cultures (mini-prep) was 
done by alkaline lysis. The bacteria from overnight LB culture were 
pelleted in 1.5 ml eppendorf tube for 1 min in microfuge at 13.000 rpm. 
The pellet was resuspended in 150 pi of 50 mM Tris-HCl pH 8.0 and 10 
mM EDTA). Cells were lysed by adding 150 pi of 200 mM NaOH and 
1%SDS, inverting the tube several times, after which 150 pi of 3M 
CH3COOK pH5.2 was added. The tube was again inverted several times
and incubated in ice for 10 min. After centrifugation in microfuge for 3 
min, supernatant was extracted once with 450 pi of chloroform/iso amyl 
alcohol (1:1). The aqueous (upper) phase was recovered and DNA was 
precipitated. After centrifugation, the DNA pellet was dissolved in 50 pi 
of water and incubated at 65 °C for 20 min to inactivate contaminating 
nucleases. 5 pi were used for restriction reactions. RNAseA (Boehringer 
Mannheim) was added at 10 pg/ml final concentration.
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DNA constructs
P o l y m e r a s e  C h a i n  R e a c t i o n  ( P C R )
PCR based mutagenesis was used for codon substitutions as well as 
to generate termini suitable for in frame fusions to c-Myc epitope, 
Pyruvate Kinase, Nucleoplasmin core and Green Fluoresent protein. PCR 
was with Vent DNA Polymerase (New England Biolabs) in 0.5 ml thin wall 
tubes (Sorenson), using a MiniCycler (MJ Research). Primers were 
purchased from DNA Technology (Denmark) or Primm (Italy) and stored 
as 10 p.M stocks at -20°C. Reactions (generally 100 pi) were in IX 
Thermopol buffer, 1 pM primers (usually 23-33 nucleotides long), dNTPs 
200 pM each (GIBCOBRL) and 1 U of Vent DNA Polymerase (0.5 pi). 
Reactions were assembled on ice and overlaid with 100 pi of mineral oil 
(Sigma). The amount of template was usually 1-2 ng. Dénaturation step 
was at 95°C, while extension step was at 72°C. Annealing temperature 
(Ta) was calculated for each primer according to the following formula: 
Ta (°C) = Tm (°C) -5, where Tm is the melting temperature of a giving 
primer calculated as 4 (%G+C)+2 (%A+T). In case annealing temperatures 
for given pair of primers were different, the lower value of Ta was 
chosen. Also, if the predicted Ta for a given pair of primers was high (> 
70°C), due to high G+C content. Ta was determined empirically by 
increasing the annealing temperature in PCR reaction by 2°C steps 
starting from 52°C. This helped to eliminate appearance of non-specific 
PCR products. Usually, 28 cycles were performed as follows: stepl/ 
dénaturation, 1 min; step2/ annealing, 1 min; step3/ extension, 1 min. In 
case PCR products longer then Ikb were synthesized, the extension step 
was prolonged to 2 min. In all cases initial dénaturation for 3 min at 95°C
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was included. After completion of PCR reactions, the aqueous was
transferred into 1.5 ml eppendorf tube, extracted with 100 pi of
phenol/chloroform (1:1) and precip itated . DNA was dissolved, cleaved 
with appropriate restriction nucleases and gel purified prior to ligation.
C o d o n  s u b s t i t u t i o n s  b y  P C R .
This procedure for PCR based mutagenesis was essentially done as 
described by Ausubel et al., 1995, with some modifications. It involves 
the production of two PCR fragments with few overlapping bases (9-20) 
and their mutual priming in a subsequent PCR reaction. Briefly, 
oppositely oriented primers were designed with mutations of codons, as 
indicated below. The primers overlapped for at least 9 bases that 
included mutagenized residues. Each was paired with T7 (5'- 
TAATACGACTACTATAGGGrT) or SP6 (5 '-TATTTAGGTGACACTATAG-S') 
primers in order to generate two PCR fragments from plasmid C12A that 
carries the HSF1 open reading frame. PCR products were gel purified, 
mixed (50 ng of each), denatured, renatured and subjected to an
extension step prior to PCR with T7 and SP6 primers. After extraction 
and precipitation, the product was restricted with EcoRI, gel purified and 
ligated to pcDNA3 vector (Invitrogen) linearized with Eco/? I. This 
procedure was used for non tagged HSF1 mutants, while the direct
ligation of PCR products was carried out for the triple mutant 
M387K/L391A/L394A in the context of GFP-HSF1, as described below.
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Generation of Plasmid T etl7
The pUHD 10^ 3 plasmid (gift of M.Gossen) contains seven repeats 
of the tet operator linked to a cytomegalovirus minimal promoter (Pcmv- 
1) upstream from a poly linker containing multiple cloning sites and a 
SV40 polyadenylation signal (Resnitzky et al., 1994). A 1.9 Kb EcoR  I 
fragment, containing the mouse HSF1 cDNA and including 5' and 3* UTRs 
(Sarge et al., 1991) was subcloned in the EcoRI site of pUHD10-3. Correct 
orientation of HSF1 insert in construct Tet 17 was determined with ApaL I 
digestion.
Green Fluorescent Protein-H SFl fusion constructs 
(G FP-H SFls)
For fusions to green fluorescent protein (GFP), the open reading 
frame (ORF) of wild type (wt) HSFl (codons 1 to 503) or mutants 
(HSFl:A6-80, HSFl:A160-172 and HSF1:H179R) was in each case 
amplified by PCR using upstream primer SI, corresponding to residues 1- 
5, (5'-GAAGAICTATGGATCTGGCCGTG-3’) and downstream primer S2, 
corresponding to residues 499-503, (5'-GAAGAICIGGAGACAGTGGGGTC- 
3*), both with Bgl II sites at 5* ends (underlined). After Bgl II restriction 
and gel purification, the fragment was subcloned into pEGFPCl plasmid 
(Clontech) linearized with the same enzyme. Positive clones were in all 
cases identified by restriction with Nhe UStu I enzymes and verified by 
sequencing. Since the amplified ORFs did not contain a stop codon, the 
fusion resulted in addition of 26 codons from pEFGPCl polylinker. The 
residues were the following: Arg, Ser, Arg, Ala, Gin, Ala, Ser, Asn, Sef, Ala,
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Val, Asp, Gly, Thr, Ala, Gly, Pro, Gly, Ser, Thr, Gly, Ser, Thr, Gly, Ser and 
Arg.
For making GFP-HSF1:M387K/L391 A/L394A, PCR based 
mutagenesis described above was used. SI primer was combined with 
primer LZ4m utdow n,  corresponding to residues 384-394, (5*-
CGCGTTGTCCGCAGATCXGTCCTTGGCATCCAG-S') to amplify a fragment 
of 1 kb while, in parallel, S2 primer was combined with primer 
L Z 4 m u t u p ,  corresponding to residues 384-394 (5'-
CTGGATGCCAAGGACECIAGAGCGGACAACG C G-3 ), to obtain a PCR 
fragment of 500bp. The codon substitutions, shown in bold, were the 
following: T at position 1299 was changed into A, replacing the codon for 
methionine with an alanine codon; C at position 1310 was changed into 
G and T at position 1311 was changed into C, replacing the codon for 
leucine with an alanine codon; similarly, C at position 1320 was changed 
into G and T at position 1321 was changed into C, replacing the leucine 
codon with an alanine codon and destroying a P st  I site. Two more 
mutations were introduced that created àn Xba I site (underlined). C at 
position 1306 was replaced with T, changing the serine codon TCC into 
TCT; A at position 1308 was changed into G and G at position 1309 was 
changed into A, replacing the codon for asparagine with an arginine 
codon. Both PCR fragments were restricted with Bgl II and Xba I, and 
inserted in a three-fragment ligation into Bgl II linearized pEGFPCl. The 
presence of mutations was verified by sequencing.
Generation of Myc-Tagged H SFl Constructs
For creating mycHSFl, SI primer and primer ORFdown, 
corresponding to residues 499-503 and carrying an EcoR I site at the 5'
6 5
end (underlined) (5 '-CGG AAXTCGG AG AC AGTGGGGTC —3*) were used to 
PCR amplify HSFl ORF. PCR product of 1.5 kb was restricted with Bgl II 
and EcoR I and gel purified. This fragment was then subcloned into 
pCDNA3 containing myc tagged Nucleoplasmin core-SV40 T antigen 
Nuclear Localization Signal (myc-NPc-TNLS) (Nakeilny et al., 1995), from 
which the NPc piece was removed by BamH VEcoR I digestion. The 
resulting plasmid, myc-HSFl-TNLS, was restricted with EcoR I and Xho I 
to remove TNLS, gel purified, filled-in with Klenow enzyme (Fermentas) 
and blunt-end self ligated. Sequencing with SP6 specific primer have 
shown that HSFl open reading frame is followed by six additional codons 
from the pCDNA3 polylinker (Glu, Phe, Arg, Ala, Cys and He). This 
construct was used as a template to make myc-tagged HSFl carboxyr 
terminal deletions by PCR, using T7 primer and the following 
downstream primers (all with EcoR I site at 5' end): P382 corresponding 
to residues 378-382, (5 -GAGAATTCCTAATCCAGGTGATCACT-3); P266 
corresponding to residues 261-266, (5 -GAGAATTCCIAGGAGATTATGGG 
TCC-3'); P235, corresponding to residues 231-235, (5'-
GAGAATTCCXAATGGACATGCTCCAG-3'); P228, corresponding to residues 
224-228,  (5'GAGAATTCC%ACTGTCGACCATACTT-3);  P225, 
corresponding to residues 221-225, (5 - GAGAATTCCTAATAdTGGGCAC 
AGA-3'); P198, corresponding to residues 194-198 (5'-
GAGAATTCCEACTGCACCAGTGAGAT 3'); P167, corresponding to residues 
163-167 (5  -GAGAATTCCTAGGCCACGTTCACGTG-3');  P141,
c o r r e s p o n d i n g  to r e s i d u e s  1 3 7 - 1 4 1  ( 5 1 -
GAGAATTCCXACAACAGCCGGGTGAC-3'); P120, corresponding to residues 
116-120 (5 -GAGAATTCCIAGGTCACTTTCCTCTT-3 ). All downstream 
primers contained an in frame stop codon (shown underlined). The 
resulted PCR fragments were all restricted with Hind HI and EcoR l a n d
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after gel purification ligated to Hind IWEcoR I digested pCDNA3 
(Clontech). All constructs were verified by sequencing.
Generation of Non-Tagged H SFl Mutants
Non-tagged mutants were made by PCR directed mutagenesis as 
described above. For triple amino acid substitution mutant 
HSF1:KRK206/8AAA, two PCR fragment were made from C12A. A 
fragment of 700 bp was generated using primers SP6 and NLS downmut, 
corresponding to residues 201-208 (V-C GCGGCCGCCACCCCCAGGATCC 
GG-3'); a fragment of 1.2 kb was generated using primers T7 and 
NLSupmut  cor responding to residues 206-214 (5'-
GCGGCCGCGATCCCTCTGATGTTGAGT-3). The point mutations, shown 
in bold, were the following: A at positions 755 and 756 were changed 
into G and C respectively, which replaces the codon for lysine with an 
alanine codon; A at position 758 was changed into G, and G at position 
759 was changed into C and A at position 760 was changed into C, which 
replaces the codon for arginine with an alanine codon; A at positions 761 
and 762 was changed into G and C respectively, which replaces the lysine 
codon with an alanine codon. These codon substitutions created a Not I 
restriction site (underlined). The fragm ents were gel purified, mixed and 
subjected to a second PCR using SP6 and T7 primers and conditions 
described above. The final PCR product of 1.9 kb was digested with EcoR 
I and after gel purification subcloned in pÇDNA3 linearized with EcoR L 
The orientation of the insert was verified with Not I restriction and the 
presence of the mutation was verified by sequencing.
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To create triple amino acid substitution mutant 
HSF1:KRK116/8AAA, two PCR fragments were made on C12A plasmid 
using the following set of primers: SP6 specific and 116/8downmut, 
corresponding to residues 116-123 (S'-CGCGCCGCACACTGGTCGCACAG 
G-3') which generated a fragment of 500 bp. In the other PCR reaction, a 
fragment of 1.4 kb was amplified using T7 specific and 116/8upmut 
p r i m e r ,  c o r r e s p o n d i n g  to r e s i d u e s  1 1 1 - 1 1 8  
( S •GflGCGGCGTGTG ACC AGCGTGTCC-3'1. The codon substitutions 
(shown in bold) were the following: A at positions 485 and 486 was 
changed into G and C respectively and G at position 487 was changed 
into C replacing the lysine codon with an alanine codon; A at position 
488 was changed into C replacing the arginine codon with an alanine 
codon; AAA at position 491-493 was changed into CGT replacing the 
lysine codon with an alanine codon. These mutations created Not I site 
(underlined). The fragments were gel purified, mixed and subjected to 
another PCR amplification using T7 and SP6 primers, under the 
conditions described above, generating a band of 1.9 kb that was 
digested with EcoR I and after gel purification subcloned in EcoR I cut 
pCDNA3 plasmid. The orientation of the insert was determined by Not I 
digestion and the presence of the mutation was verified by sequencing. 
Double amino acid substitution mutant, HSFl:K224A/R227A was made 
by generating two PCR fragments, both on C12A plasmid as a template. 
The first, 800 bp long, was made with SP6 specific and NLSmut2 primer, 
corresponding to residues 222-228 (5 -GTACTGTGCACCATACGCGGG-3 ) 
and the second, 1.1 kb long, was generated with T7 and NLSmutl primer 
corresponding to residues 223-231 (5 -CCCGCGTATGGTGCACAGTACTCC 
CTG-3'). The codon changes (shown in bold) were the following: A at 
positions 809 and 810 was changed into G and C respectively, replacing
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the codon for lysine with an alanine codon and creating a BstU I site; C at 
position 818 was changed into G while G at position 819 was changed 
into C, replacing the codon for arginine with an alanine codon and 
destroying a Sal I site. The fragments were after gel purification mixed 
and subjected to PCR amplification using T7 and SP6 primers and the 
protocol described above. The resulting band of 1.9 kb was restricted 
with EcoR I and after gel purification subcloned into EcoR I digested 
pCDNA3. The mutations were verified by sequencing.
G eneration  of m ycP yru vateK in ase-H S F l Fusion  
(m ycPK -H SFl)
A region of HSFl corresponding to residues 198-230 was PCR 
amplifed from C12A plasmid using an upstream primer, NLS up, 
corresponding to residues 198-202 (5 ' - G GGGT ACC AGTCG AACCGG ATC A- 
3') and a downstream primer NLSlow, corresponding to residues 225-230 
(5 -GGGGIACCTAGGAGTACTGTCGACCATA3'). Both primers contained a 
Kpn I site at the 5' end (underlined) and the downstream primer also 
had an in-frame stop codon (shown in bold). The PCR fragment of 112 
bp was restricted with Kpn I and after gel purification ligated to Kpn I 
linearized mycPK (Nakeilny et a/., 1995). The orientation of the insert 
was determined by digestion with the enzyme BamH I and the construct 
was verified by sequencing.
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Generation of dimerized GFP (GFP2) and of GFP2- 
HSF1 derivatives
GFP2 was generated by PCR on pEGFPCl plasmid, using a pair of 
primers with a Bgl II site at 5* ends (underlined): primer GFPORFUP, 
corresponding to residues 1-8 of GFP open reading frame (5*- 
GAAGAXCTATGGTGAGCAAGGGCGAGGAGCTG-3') and primer 
GFPORFDOWN, corresponding to nucleotides 1384-1407 from pEFGPCl
The resulting fragment of 730 bp was after Bgl II restriction and gel 
purification ligated to Bgl II restricted pEGFPCl and the orientation was 
determined with Ava II digestion.
The pieces of HSFl fused to GFP2 were generated by PCR on either 
C12A plasmid, (151-198 or 384-429) or on pCDNAl containing HSFl: 
A160-172. They were subcloned in BamH I site of GFP2. For fusion to 
GFP2 of HSFl residues 151-198, the following primers were used: 
BamNESUp, corresponding to residues 151-158, (5 '-
CGGGATCCCAGGAGTGTATGGACTCCAAG-3) and BamNESDOWN, 
corresponding to residues 191-198 (5 -CGGGATCCCTACTGCACCAGTGAG 
ATCAGGAACTG-3'). Both primers carried a BamH I site at the 5' end 
(underlined) and BamNESDOWN carries an in-frame stop codon (shown 
in bold). These primers were used to generate a PCR fragment of 160 bp 
or of 120 bp if HSFl :A160-172 is used as a template. The fragments were 
cleaved with BamH I, gel purified and subcloned into GFP2 linerized with 
the same enzyme. The orientation was determined by restriction with 
Nhe I and BstX I. For fusion to GFP2 of HSFl residues 384-429, the 
following primers were used: BamNESconUP, corresponding to residues
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384-391 (5'-C GGGAICCCTGG ATGCC ATGG ACTCC A ACCTG- 3 ') and
BamNESConDOWN, corresponding to residues 422-429, (5'-CGGGATCCT 
A CTCTGCCTC A AT AGGCCTGGG AGG- 3*). Both primers carried a BamH I 
site at the 5'end (underlined) and BamNESconDOWN carries an in-frame 
stop codon (shown in bold). These primers generated a fragment of 150 
bp that was cleaved with BamH I, gel purified and ligated to GFP2 
linearized with BamH I. The orientation was determined by restriction 
with Nhe I and Stu I.
G eneration  of GFP NPc (N u cleop lasm in  core) 
fusion  constructs
A GFP fusion of NPc-TNLS (nucleoplasmin core followed by T 
antigen NLS) was created in the following way: myc-NPc-TNLS (Nakeilny 
et al., 1995) was restricted with BamH I and Xho I and a 500 bp band, 
corresponding to NPc-TNLS piece, was purified. This was then ligated to 
pEGFPCl cut with Bgl II and Sal I. Recombination of compatible Bgl II and 
BamH I and of compatible Sal I and Xho I sites keeps the reading frame in 
the resulting GFP-NPc-TNLS. The constructs GFP-NPc-TNLS-HSF 1 (151- 
198), GFP-NPc-TNLS-HSFl(151-198Al60-172) and GFP-NPc TNLS- 
HSF1 (384-429) were generated by inserting NPc-TNLS in the 
corresponding GFP2 fusion construct from which the second copy of GFP 
was removed with Bgl II and Sal I. Recombination of compatible Bgl II and 
BamH I and of compatible Sal I and Xho I sites keeps the reading frame in 
the resulting constructs.
71
DNA Sequencing
DNA sequencing was done by lab technicians Hanne Jorgensen and 
Monica Rimoldi using dideoxinucleotide chain termination method 
essentially as described in Pharmacia Biotech Sequencing Manual (1994).
PROTEIN DETECTION AND MANIPULATION 
Whole Cell Extract (WCE) Preparation
Whole cell extract (WCE) was made essentially as described by 
Zimarino et al., 1990, with some modifications. For harvesting the cells, 
the medium was discarded, the cultures were washed twice with PBS after 
which they were scraped in a small volume (up to 2 ml) of PBS using a 
disposable cell scraper (Costar). Cell suspension was transferred to a 2 ml 
eppendorf tube and quickly pelleted in microfuge for 15 sec at 13000 
rpm. The supernatant was aspirated and cell pellet quickly frozen in 
liquid nitrogen or dry ice/ethanol. The pellet was stored at -80oC or 
immediately processed. WCE was prepared by thawing, the pellet on ice 
in the presence of 3-5 volumes of extraction buffer (10 mM HEPES pH7.9; 
400 mM NaCl; 1 mM EGTA; 5% glycerol; 0.1% TritonX-100). Prior to use 
0.5 mM DTT, 0.5 mM PMSF, ljig/ml of both pepstatine and leupeptine 
and 2.5 pg/ml of aprotinin (all from Boehringer) were added. The cell 
lysate was homogenized by repeated suspensions in a 200  pi 
micropippete tip and incubated on ice for 15 min. When WCE from 
RATI2 clone36 was made, homogenate was incubated on ice-water with 
stirring for 30 min. The homogenate was then transferred to thick-wall
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polycarbonate tube (Beckman) and centrifuged for 15 min at 35000 rpm 
(100,000xg) at 40C in Beckman ultracentrifuge. The supernatant (S100) 
was quickly frozen in liquid nitrogen and stored at -80°C.
Protein  Concentration Determ ination
Determination of proteins contents in WCE were done by the Bio- 
Rad Protein assay (Bio-Rad), also known as the Bradford assay, according 
to manufacturer's protocol. After the reaction mixture was assembled, 
OD750 nm was read in the spectrophotometer (Pharmacia) and protein
concentration determined from a freshly prepared standard curve using 
appropriate dilutions of bovine serum albumin, (BSA) (Bio-Rad). The 
concentration of proteins was usually 3-8 mg/ml.
S od iu m dod ecy lsu lph ate-P olyacry lam ide Gel 
Electrophoresis (SDS-PAGE)
SDS-PAGE was made essentially as described (Laemmli, 1970). The gels 
were poured in 14X16cm glass plates at ambient temperature. Separating 
gel mixture (20 ml), containing either 10% or 12% acrylamide, (taken 
from a stock solution with 29.2% acrylamide and 0.8% N,N-methylene- 
bis-acrylamide), 375 mM Tris-HCl pH8.8 and 0.1%SDS was polymerized 
by addition of 0.1% ammonium persulfate (APS) and 0.05% N,N,N,,N'- 
Tetramethylethylenediamine (TEMED). The stacking gel mixture (5 ml), 
containing 3% acrylamide, 125 mM Tris-HCl pH6.8 and 0.1% SDS, was 
polymerized by adding 0.1% APS and 0.05% TEMED. Protein samples, 
were boiled for 5 min at 100°C in IX Laemmli sample buffer (2% SDS;
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10% glycerol; 50 mM Tris-HCl pH6.8; 100 mM DTT; 0.005% bromphenol 
blue) and briefly spun for Imin at 13.000 rpm in microfuge. The gel was 
run at ambient temperature in IX Tris-glycine buffer (25 mM Tris base; 
250 mM glycine pH8.3; 0.1% SDS) under constant current of 30 mA, 
using Bio-Rad Electrophoresis Power supply.
Semi-Dry E lectrophoretic Transfer
Semi-dry electrophoretic transfer was performed essentially as 
described by Harlow and Lane, 1988. After the end of the run, the gel 
was placed on three pieces of 3MM gel blotting paper
(Schleicher&Schuell) of the gel size soaked in semi dry transfer buffer 
(48 mM Tris base; 39 mM glycine; 0.037% SDS; 20% methanol). On top of 
the gel a piece of nitrocellulose transfer filter (Schleicher&Schuell; pore 
size 0.2 pm) soaked in water was placed, followed by three pieces of gel 
blotting paper soaked in transfer buffer. The transfer was performed for 
2-3 hours at room temperature in the Semi-Phor Transfer Apparatus
(Hoefer Scientific Instruments) under constant current 0.8 mA/cm^. 
After the transfer, the filter was air dried for 15 min and processed for 
immunoblotting.
Im m u n o b lo ttin g
The immunoblotting was performed using the protocol of Harlow 
and Lane (1988) with some modifications. The blocking, subsequent
incubations with primary and secondary antibodies and washes of the 
filters were all performed at ambient temperature, except that the 
incubation with anti-GFP antibody was done at 4°C. The filter was
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blocked for 1 h in 1:10 dilution of Blocking solution (Boehringer) or 5% 
non-fat dried milk, both diluted in TEST pH8 (100 mM Tris-HCl pH8.0; 
250 mM NaCl; 0.1% Tween-20). The primary antibodies were used at the 
following conditions: rabbit anti-GFP (Clontech) at dilution 1:1000 in 
TEST pH8 overnight; rabbit anti-HSFl (Fiorenza et al., 1995) diluted 
1:5000 in TEST pH12 for 1 h (TBST12 was freshly made from TEST pH8 
by adjusting pH to 12 with 5M NaOH); mouse9E10 ascites fluid (anti- 
myc, gift from Angelo Corti), dilluted 1:10.000 in TEST pH8 for 4 h and 
anti-a tubulin antibidy (1:1000, Santa Cruz) for 4 hours in TESTS. 
Primary antibody incubations were followed with three washes, each for 
15 min, in TEST pH8 , except with TEST pH12 in case of the filter 
incubated with anti-HSFl. Secondary antibodies were the following: goat 
anti-rabbit IgG-HRP (Bio-Rad) and anti-mouse IgG-HRP (Boehringer), both 
diluted 1:10.000 in the blocking reagent (Boehringer). After the 
incubation with the secondary antibody, the filter was washed with TEST 
pH8 three times, 15 min each. The blots were developed with 
Chemiluminescence Western Blotting Kit (Boehringer) according to 
manufacturer's manual and exposed to KODAK X-OMAT films (Sigma).
Gel Filtration
Gel filtration of proteins was done essentially as described by Farkas et 
a/., 1998, using the SMART system (Pharmacia) and Superose 6 PC 3.2/30 
column (Pharmacia). WCE S100 supernatants (up to 40 pi) containing 
100-150 pg of total proteins, were injected into the column calibrated, as 
described by Farkas et al., 1998, with Blue Dextran, Acetone, Carbonic 
Anhydrase (27kD), Ovalbumin (43kD), Bovine Serum Albumin (ESA) 
(6 6 kD), Alcohol Dehydrogenase (150kD), Beta-Amylase (200kD),
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Apoferittin (443kD) and Thyroglobulin monomer (669kD) and dimer 
(l,338kD). Chromatography was done at ambient temperature (25°C) in 
the gel filtration buffer containing 20 mM Tris-HCl pH7.4; 140 mM NaCl; 
10% glycerol; 1 mM EDTA; 0.2% TritonX-100; 0.5 mM DTT and protease 
inhibitors pepstatine 3 pg/ml, leupeptine 3 pg/ml, aprotinin 5 pg/ml and 
PMSF 1.5 mM. Before loading the sample, the column was equilibrated in 
the same buffer for 30 min. The following parameters were programmed: 
injection time of the sample from the sample loop to the column, flow 
rate (40 pl/ml) and fraction size (50 pi). After the fractions were 
collected, 17 pi of 4X Laemmli sample buffer and DTT to a final 
concentration of 100 mM were added and the samples were processed 
for SDS-PAGE analysis as described above.
DNA-PROTEIN INTERACTIONS 
Gel Mobility Shift Assay
DNA-protein binding assays were done by the protocol described 
by Zimarino and Wu, 1987, using a consensus heat shock element (HSE) 
probe from a Drosophila  hsp70 gene modified to contain 3 inverted 
repeats of NGÀAN (Wu et al., 1987). The 40 bp HSE probe (upper strand: 
5,-GTCGACGGATCCGAGCGCGCCTCGAATGHCrAGAAAAGG-3', with nGA 
An repeats underlined) was labeled with 32P by primer extension as 
described by Farkas et al., 1998 in the following way: The primer of 28 
bp was annealed to the HSE 40-mer and 12 bases overhang filled in with 
Klenow enzyme. 2x10 * mM of annealed oligos were mixed with 30 mM 
of each dATP, dGTP and dTTP in a 30 pi reaction in 1.5 ml eppendorf
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tube in IX labeling buffer (50 mM Tris-HCl pH7.5; 10 mM MgCl2 ), 0.1 
mCi of dCTP and 5U of Klenow DNA Polymerase (Boehringer) were then 
added and incubation continued for 30 min at room temperature after 
which the reaction was chased for next 10 min by adding dCTP to a final 
concentration of 30 mM. The reaction was stopped with 30 pi of 2X stop 
solution (20 mM EDTA pH8.0; 1% SDS) and after 40 pi of TES (10 mM 
Tris-HCl pH8.0; 1 mM EDTA pH8.0; 100 mM NaCl) was added, the labeled 
probe was purified on a NAP5 column (Pharmacia), pre-equilibrated in 
TES buffer, using manufacturer's instructions. The final concentration of 
labeled HSE probe in TES buffer was 30 nM. Binding mix (20 pi) 
contained 20 pg of WCE, 10 pg of poly(dI.dC)-poly(dI.dC) (Pharmacia) 
and 400 fmol of 32P-labeled HSE in binding buffer (10 mM HEPES, pH7.9; 
10 mM KC1; 50 mM NaCl; 1.5 mM MgCla; 10% glycerol). In the case when 
competition was performed, 2 pi (2 pmol) of non-labeled primed HSE was 
added to the binding reaction, resulting in the 58X molar excess of non­
labeled HSE. The volume up to 20 pi was adjusted with protein extraction 
buffer resulting in 130 mM final salt concentration. The binding was 
performed on ice for 20 min before 5 pi of 6X loading buffer was added 
and the sample Içaded on the gel. Electophoresis was done in 1% agarose 
gel in 0.5X TBE buffer (45 mM Tris-borate pH8.3; 1.5 mM EDTA) at 
ambient temperature and constant voltage of 60V for 2.5 h. The gel was 
capillary blotted onto DE81 paper (Whatman) overnight and the paper 
was autoradiographed in cassettes with intensifying screens (Kodak X- 
Omatic) at -80°C using KODAK films.
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CELL CULTURE AND MANIPULATION 
Growth Conditions for Tissue Culture Cells
The mammalian cell lines used in this study were the 
following: HeLa (human epithelial cell line, kind gift of Claus Nerlov), 
G2b2 (NIH 3T3 mouse fibroblast cell line, stably expressing bacterial p -  
galactosydase, kind gift of Olivier Bensaude), HSFl-/- (mouse embryonic 
fibroblasts derived from HSFl knock-out mouse, McMillan et a/., 1998), 
kindly provided by Ivor Benjamin and RAT 12 (rat fibroblast cell line 
stably expressing TetR/VP16 as described by Resnitzky et al., 1994), kind 
gift from Kristian Helin. All cells were propagated in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% Fetal Bovine Serum 
(FBS), Penstrep (100 mg/ml) and Glutamine (2 mM). Amphotericin B 
(Fungizone) was added to the medium at concentration of 2.5 mg/ml. All 
cell culture reagents were purchased from GIBCO-BRL. The cells were 
cultured at 37°C under a 5% C02 atmosphere. Usually, medium was
replaced every two to three days. The cells were grown in either 25 cm3 
(with 5-7 ml of DMEM) or 75 cm3 (with 20-25 ml of DMEM) tissue culture 
flasks (BectonDickinson) and passaged after reaching confluency. For 
passaging the cells, the medium was discarded, cells were washed with 
the equal volume of Phosphate buffer saline (PBS, 200 mM NaCl; 20 mM 
KC1; 10 mM Na^HPG^; 1 mM KH2PO4 ), and cells were disattached by 
adding IX Trypsin-EDTA solution and incubating for 5 min at 37°C. After 
incubation the cell suspension was transferred to 50 ml Falcon tube 
(Becton Dickinson) and collected by centrifugation at room temperature 
for 5 min at 2000 rpm. The trypsin solution was discarded and the cells 
were resuspended in appropriate volume of DMEM prewarmed at 37°C.
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For freezing the cells, DMSO (Sigma) was added to the cell suspension in 
DMEM at the final concentration of 10%. The suspension was then
transferred to a cryovial and put at -80°C for an overnight after which 
was transferred to a liquid nitrogen tank. The experiments described 
were done with exponentially growing cells.
Isolation of the cell nuclei
Isolation of the cell nuclei was performed essentially as described 
elsewhere (Spector et al., 1998). Rat 12 cells, growing in tissue culture 
flasks, were trypsinized and collected as above. The cell pellet was
washed with ice-cold PBS followed by resuspension in 5 volumes of ice- 
cold Nuclear Isolation Buffer (NIB; 60 mM KC1; 300 mM sucrose; 15 mM 
NaCl; 5 mM MgCl; 15 mM Tris-Cl pH 7.4; 0.5 mM DTT and 0.1 mM PMSF) 
and homogenization on ice in 1 ml Wheaton glass homogenizer with 10- 
15 strokes. The nuclei, pelleted in microfuge for 20 sec at 4°C, were 
resuspended in NIB buffer, incubated on ice for 10 min and pelleted as 
above. The nuclear pellet resuspended in 1 ml of NIB buffer was then 
overlaid on 9 ml of 1.5 M sucrose cushion in NIB buffer and nuclei were
cleared by centrifugation for 30 min at 28.000 rpm at 4°C in Beckman Ti
50 rotor. Finally, the nuclear pellet was resuspended in a small volume 
(50 pi) of NIB buffer and nuclei were attached to the glass coverslips by 
centrifugation for 5 min at 3000 rpm at room temperature in cytofuge. 
The coverslips were air dried for 10 min before immunostaining.
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The treatment with energy poisons
The inhibitors of ATP synthesis used were 10 mM sodium azide, 25 
pM oligomycin and 25 pM antimycin (all Sigma), which were added to 
glucose minus DMEM (GIBCO BRL) supplemented with 6 mM 2- 
deoxyglucose (Sigma) as described (Guichon-Mantel et al., 1991). The 
DMEM was also supplemented with 10% dialyzed FBS and glutamine and 
penstrep as described above. The RAT 12 cells clone 36 (see below) 
growing on coverslips for 24 hours in the absence of tetracycline, were 
incubated at 37°C in DMEM containing energy poisons for indicated 
period of time (4 hours in case of sodium azide or 1 hour in case of 
oligomycin and antimycin; the treatment with oligomycin or antimycin 
was performed for 1 hour because prolonged incubations with these 
drugs provoked cell death). After that they were either fixed or washed 
thoroughly in PBS and put into the regular DMEM for additional 4 hours 
at 37°C and then fixed and stained with anti-HSFl antibody. Identical 
results were obtained whether the protein synthesis inhibitor, 
cycloheximide (Sigma) at 100 pg/ml was present or not.
T ra n sfec tio n s
HeLa cells were transfected with indicated expression plasmid 
using cationic lipid reagent Polyethyleneimine (PEI, Sigma) as described 
by Boussif et al, 1995, with some modifications. 24 hours before 
transfection, 50.000 HeLa cells were seeded on a 13 mm glass coverslip 
(BDH) in a 24 multiwell plates with 1-2 ml of DMEM per well. The 
transfection mix was made at room temperature in 1.5 ml eppendorf 
tubes, as follows: 100 pi of 150 mM NaCl were mixed with 6 pi of 10 mM
PEI (made as aqueous solution from 5.5 M stock solution after which pH 
was adjusted to 7 with HC1), vortexed and spun in the microfuge for 15 
sec. The mixture was then incubated for 2 min and then 2 pg of plasmid 
DNA and 100 pi of 150 mM NaCl were added; the mixture was again 
vortexed and briefly spun in the microfuge. The transfection mix was 
incubated for 15 min and then added to the cells. Multi well plate was 
then centrifuged for 5 min at 1500 rpm after which the fine precipitate
of PEI-DNA complex on the cells, could be observed under the
microscope. The cells were then incubated at 37°C for next 3 h before the 
medium was aspirated, cells washed twice with PBS, trypsinized and 
pelleted as described above. The cell pellet was resuspended in DMEM, 
the cells were counted in hemocytometer and processed for cooling assay 
or cell fusions, as described bellow. Transfections for the immunoblots 
were done in 25 cm3 flasks in which 1-I.2xl06 HeLa cells were seeded 24 
hours before transfection. Transfection mixture was made as described 
above, except that 50 pg of plasmid DNA and 100 pi of 10 mM PEI were 
used and the total volume was scaled up to 1 ml by addition of 150 mM 
NaCl. After the addition of the transfection mix, the cells in a flask were 
also centrifuged for 5 min at 1500 rpm. 3 h after transfection, the 
medium was discarded, replaced with 5 ml of fresh DMEM and the
incubation at 370C proceeded for additional 24 hours after which the
cells were either subjected to heat shock and recovery treatment or 
collected and then processed for immunoblotting as described bellow.
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Generation of The Stable Clones Expressing HSFl
The stable transfectants expressing mouse HSFl were made as 
follows: The plasmid Tetl? (1.8 pg) was cotransfected with 0.2 pg of 
Puro-babe plasmid (Clontech), bearing Puromycin resistance gene in 
RAT 12 cells using the protocol described above. After O/N incubation, 
the medium was replaced with fresh DMEM containing 500 pg/ml of 
G418 (Sigma) and incubation was continued for another 48 hours. The 
cells were then replated in selective medium containing 0.5 pg/ml of 
Puromycin (Sigma) and 1 pg/ml of Tetracycline hydrochloride (Sigma) 
and cultured for two weeks changing the medium every two days. At this 
point, resistant cells were split, in 96 multi wells dishes, having 
approximately 1 cell per well and clonal populations were derived after 3 
weeks of culturing. The cell populations were then screened for the 
ability to express mouse HSFl in the absence of Tetracycline by 
immunostaining (see below). 29 cell populations were screened (48 
hours after Tetracycline withdrawal) and two of them (No. 5 and No. 19) 
were found to containing approximately 1-2 % of cells inducibly 
overexpressing HSFl. The population No. 19 was subjected to another 
round of limited dilution, resulting after additional 3 weeks in 25 clones, 
which were examined as above. Clones 36, 54 and 57 were all found to 
contain around 40-50% of cells overexpressing HSFl at different levels 
upon Tetracycline removal (as judged by immunofluorescence staining). 
It should be pointed out that this heterogeneity in the content of HSFl 
expressing cells, observed throughout procedure for making individual 
clones probably derives from having a mixture of cells, rather then 
individual cells in starting dilution. During this work it was observed that 
it was difficult to obtain single cell suspension of RATI2 cells since
attempt to make élutriation experiment with these cells failed due to the 
same reason. Therefore, clones rather represent a mixture of different 
cell populations which however does not affect interpretation of the 
results obtained using these cells. Secondly, in order to induce HSFl 
expression, it was necessary to replate the cells in medium without
Tetracycline rather then simply replacing the medium in the same flask. 
All the clones were maintained in DMEM containing 1 pg/ml of 
Tetracycline (1000X Tetracycline stock solution, made in water was 
prepared every two weeks and stored at 4°C) and 0.5 pg/ml of Puromycin 
(made as 2000X stock solution dissolved in water and stored at -20°C). 
Medium was replaced every 2-3 days during selection and maintenance 
of the stably clones. The clones have been since then passed through
more than 20 passages and they all inducibly express HSFl. The clone 36
was chosen for subsequent experiments.
Heat shock and recovery treatments
For heat shock of cultures in flasks or on coverslips in tissue 
culture dishes, medium was replaced with the same volume of fresh 
DMEM prewarmed at 42°C for 30 min and the cultures in flasks or the 
cells growing on the glass coverslips in 60/15 mm tissue culture dishes 
(Greiner), were submerged for 30 min in a 42°G water bath. For the 
recovery, after the initial incubation at 42°C, medium was discarded and 
replaced with a fresh DMEM, prewarmed at 37°C for 30 min and cultures 
in flasks or dishes were put at 37 °C for indicated time period. In case of 
cultures in flasks, the cells were also gently shaken. After indicated times 
of heat shock or recovery the cells are both fixed and processed for 
immunostaining or collected for making protein extracts.
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The cooling Assay
The cooling assay was done with transiently transfected HeLa cells 
24 hours post-transfection with either mycHSFl or myc-NLS-PK (Ossareh- 
Nazari et al.y 1997) and with clone 36 cells 24 hours upon Tetracycline 
removal, using the protocol described by Michael et aL, 1995. Briefly,
50.000 cells of HeLa cells 3 hours post-transfection with indicated 
reporters (myc-NLS-PK or mycHSFl) or clone 36 cells, were seeded on 13 
mm diameter CoverGlass (BDH) in 24 multi-well plate (Becton Dickinson) 
with 1 ml of DMEM per well. Clone 36 was seeded in DMEM without 
tetracycline to induce expression of HSFl. After overnight incubation, the 
DMEM was replaced with the same amount of DMEM prewarmed at 37°C 
and containing 100 pg/ml of cycloheximide (Sigma). After 30 min of 
incubation at 37 °C, medium was replaced with fresh DMEM (containing 
100 pg/ml of cycloheximide), preequilibrated for 30 min on ice-water 
and the multi^well plates were put on ice-water for 20 min, after which 
incubation continued in a refrigerator at 40C for indicated time periods 
(3, 4 or 6 hours). The cells were then fixed and processed for 
immunofluorescence as described.
Transient Interspecies Heterokaryon Assay
Nucleocytoplasmic shuttling was detected by using a heterokaryon 
assay essentially as described previously (Guiochon-Mantel et al., 1991), 
with some modifications. For making cell fusions, 100.000 of both fusion 
partners (HeLa cells and HSFl-/- mouse fibroblasts; clone 36 rat 
fibroblasts and HSF-/- cells; HeLa cells 3 hours post-transfection with 
appropriate reporter construct and G2b2 mouse fibroblasts) were seeded
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on a 13 mm coverslip in a well of 12 multiwell dishes with 1-2 ml of 
DMEM per well. After overnight coculturing, DMEM was replaced with 
fresh DMEM prewarmed at 37°C for 30 min* containing 200 pg/ml of 
cycloheximide (Sigma) and the cells were incubated for 30 min at 37°C. 
The coverslips were then transferred to a tissue culture dish containing 
20 ml of prewarmed PBS with 200 pg/ml of cycloheximide, briefly
washed, the excess of PBS was drained off with a filter paper and a
coverslip was put upside down on a drop ( - 8  p i) of 50% 
polyethyleneglycol, prewarmed for 30 min at 37°C (PEG; dissolved in PBS; 
Mol.Wt.3,000-3,700, Sigma) and placed on a piece of parafilm in a
humidified chamber (90x16 mm tissue culture dish with a piece of filter 
paper soaked with water). Incubation was for 2 min at room temperature. 
The coverslips were then transferred to a Petri dish with 35 ml of PBS 
prewarmed for 30 min at 37°C, containing 200 pg/ml of cycloheximide 
and washed thoroughly around 2 min to remove all residual PEG, before 
being transferred to a 60/15 mm tissue culture dish with a DMEM 
prewarmed for 30 min at indicated temperature (37°C or 42°C in case of 
heat shock) and containing 100 pg/ml of cycloheximide. After the 
incubation at indicated temperature for the indicated time the 
heterokaryons were fixed and processed for indirect 
immunofluorescence as described below.
L eptom ycin B  Treatment
LeptomycinB (LMB) was purchased from Novartis, it was dissolved 
in 96% ethanol as a 2 mM stock solution stored at -20°C and used 
essentially as described by Wolff et aL, 1997. For treatment of HeLa cells 
and heterokaryons, LMB was freshly diluted in DMEM as 4nM, 40 nM,
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100 nM, 200 nM and 400 nM. For looking at the effect of LMB on 
subcellular localization of MAP kinase kinase (MEK1), HeLa cells were 
incubated overnight in DMEM containing 1% FBS; the medium was then 
replaced with DMEM containing 1% FBS and LMB in indicated 
concentrations for 2 hours in the presence of 100 pg/m l of 
cycloheximide, after which the cells were fixed with methanol/acetone 
and subjected to immunostaining. As a control, HeLa cells were in 
parallel treated with appropriate dilutions of absolute ethanol in DMEM 
under identical conditions. Treatment of heterokaryons with LMB 
included 2 hours of pretreatment of cocultured cells with indicated 
concentrations of LMB after which the cells were fused and incubation in 
LMB at indicated concentrations continued for additional 4 hours. 
Throughout all incubations cycloheximide was present at 100 pg/ml and 
DMEM was with 10% FBS. As a control, HeLa cells and the heterokaryons 
were treated with appropriate dilutions of absolute ethanol in DMEM. 
Another batch of LMB (Novartis), kind gift from Vincenzo Zapavigna 
(DIBIT HSR), made as a 10 mM stock solution in DMSO, was also tested as 
40 nM, 100 nM, 200 nM or 400 nM dilution in DMEM (with 
corresponding dilutions of DMSO as the control) in treatment of 
heterokaryons giving identical results.
H eterokaryon Scoring
The heterokaryon scoring was done by inspecting cell fusions 
under the microscope after immunofluorescence staining. For taking the 
heterokaryons into considerations two criteria were applied: first,
cytokeratin, p-galactosidase or actin staining showing that the common 
cytoplasm is shared between two nuclei; secondly, Hoechst staining of
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DNA showing that the heterokaryon was interspecies (1/3 of total fusion 
events). The extent of internuclear transfer was determined by giving 
arbitrarily the value of signal intensity in the recipient (mouse) nucleus 
that represent the percentage of signal intensity in donor (human)
nucleus with apparent equilibrium being reach when the staining were of 
the same intensities. In case of fusions between HeLa and HSF1 -/- cells, 
the time point at which an apparent internuclear equilibration was 
reached in around 50% of heterokaryons was used to calculate the 
minimal rate of export.
CELL STAINING
In d irect Im m unofluorescence and Im m u n o flu o re sc e n c e  
M icro sco p y
Indirect immunofluorescence was done essentially as described by 
Harlow and Lane 1988, with some modifications. For doing
immunofluorescence, the cells were grown on glass coverslips in tissue
culture dishes or 12 (24) multi-well dishes having approximately 50-
100.000 cells (200.000  in case of cocultures for making cell fusions) 
seeded on a 13 mm coverslip in a 12-multi well, day before
immunostaining. Two protocols for cell fixation were used. In first, the 
cells were briefly washed with PBS and fixed with methanol/acetone (1:1) 
for 2 min, after which they were either immediately processed for 
blocking and immunostaining or kept in a sealed plastic container at 4*C 
for a maximum of few weeks. In the second protocol, the cells were fixed 
with 3% paraformaldehyde for 10 min, briefly washed twice with PBS and
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permeabilized with 0.1% TritonX-100 for 5 min. During and after
fixation, all incubations were done at room temperature. The coverslips 
were blocked in 3% BSA (Boehringer, dissolved in PBS and filtered 
through 0.2  pm filter) for 1 hour after which the incubations with a
primary antibodies, also for 1 hour, were done by inverting the
coverslips upside down on a 8 pi drop of antibody dilution on a piece of 
parafilm in humidified chamber (usually 90x16 mm Petri dish with a
piece of paper soaked with water). The following antibodies, all diluted 
in 3% BSA, were used for immunostaining: rabbit anti-HSFl (anti-whole 
molecule, 1:1000) (Fiorenza et aL, 1995); 10H8, rat monoclonal anti- 
HSFl that recognizes an epitope in human HSF1 between amino acids 
387-407 (1:100) (Cotto et al., 1997); anti-cytokeratin 18 (Santa Cruz), 
mouse monoclonal, human specific (0.4 pg/ml); anti-p-galactosidase 
(Promega), mouse monoclonal (10 pg/ml); rabbit anti-human MEK1 
(1:1500), kind gift from Gilles L'Allemani; 9E10, mouse ascites fluid (a
gift from Angelo Corti ), recognizing myc epitope (10 pg/ml); rabbit anti-
H SFl (1:450), directed against carboxy-terminal peptide 
(LTGSEPPKAKDPTVS in single letter code) in human HSF1, kindly 
provided by Stuart Calderwood. Incubations with secondary antibodies, 
also diluted in 3% BSA, were done for 30 min in the same way like with 
the primary antibodies except that the samples were protected from 
light. Secondary antibodies used were the following: donkey anti-rabbit 
IgG-Rhodamine (10 ng/ml, Chemicon); sheep anti-mouse Ig-fluorescin,
F(ab')2 fragment (2 pg/ml, Boehringer); sheep anti-rabbit IgG-fluorescin, 
F(ab')2 fragment (2 pg/ml, Boehringer); sheep anti-mouse Ig-Rhodamine, 
F(ab')2 fragment (2 pg/ml, Boehringer); donkey anti-rat Ig-Rhodamine (1
pg/ml, Chemicon). After the incubations with the first and the second 
antibodies, the coverslips were transferred to 12 multi-well dishes and
washed three times, 5 min each, in 2 ml of PBS/0.1% TritonX-100 with 
gentle agitation. Staining of G actin with Phalloidin-fluorescine (gift from 
Ivan De Curtis) was performed for 15 min, after the staining with the 
second antibody. The fluorescent dye Hoechst 33258 (Hoefer) was 
included in secondary antibody dilution at concentration of 1 pg/ml. 
After the excess of washing buffer was drained off, the coverslips were 
mounted in a drop of Vectashield Mounting Medium (Vector 
Laboratories) on a 76x26 mm microscope slides (Menzel-Glaser), sealed 
with a transparent nail polish and stored in a closed plastic box 
protected from light at 4°C. The samples were observed with a 40x, 63x 
or lOOx objectives with immersion oil under Zeiss Axiophot Microscope 
(Zeiss). The photos were taken using KODAK ELITE chrome 400 ASA film. 
The exposure times were determined empirically but they were usually 
in range of 30 90 sec for overexpressed proteins and 45-150 sec for 
endogenous proteins (for the fluorescine and rhodamine filters and 15 
sec for Hoechst filter in both cases). In some cases, the images were 
acquired using Hamamatsu digital camera C4742-95. Image elaboration 
was done using Adobe Photoshop software.
In situ competition assay was done by adding 10 pi (approximately 
200 ng as judged from a silver stained SDS gel) of bacterially expressed 
and chromatographicaly purified HSF1 or HSF2 proteins made by Karin 
Holm as described by Fiorenza et a/., 1995. The recombinant proteins 
were added during the anti-HSFl incubation keeping the antibody 
dilution constant (1:1000).
Determination of HSF1 stability in clone 36
For determining the stability of HSF1 in the absence of de novo 
protein synthesis, clone 36 cells stably expressing HSF1 were grown in 
the absence for tetracycline for 24 hours. After that, the protein 
synthesis inhibitor, cycloheximide (100  pg/ml) was added and 
incubation proceeded. At indicated time points starting from the 
cycloheximide treatment, the cell aliquots were collected by in situ lysis 
with RIPA buffer (150 mM NaCl; 50 mM Tris-HCl pH7.4; 1% SDS; 1% 
sodiumdeoxycholate) and the lysates were incubated on ice for 10 min in 
the presence of DNAse I (10 pg/ml). The lysates were than cleared by 
centrifugation at 13000rpm for 10 min at 40C after which they were 
processed for Western blot as described above.
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RESULTS
S u b c e l l u l a r  l o c a l i z a t i o n  o f HSF1 in  
u n s t r e s s e d  and  h e a t - s t r e s s e d  m a m m a l i a n  
c e l l s
The issue of su b ce llu la r d is tr ib u tio n  of in ac tiv e  HSF1 in 
m am m alian cells or its fu n c tio n a l hom ologue HSF in 
Drosop hila ,  has been for years a m atte r of con troversy  in the  
hea t shock response field . Early stud ies, have d em o n stra ted  
th a t  HSF D N A-binding ac tiv ity  can be induced  in vitro  by 
tre a tin g  cy top lasm ic ex tracts from u nstressed  m am m alian and 
D rosophila  tissue  c u ltu re  cells with heat a n d /o r  o th er stress 
c o n d itio n s  (e.g. low pH, u rea), as well as with anti-HSF 
an tib o d ie s  (Larson et al.t 1988; Mosser et a/., 1990; Zim arino 
et al.y 1990). B iochem ical fra c tio n a tio n  of m am m alian and 
D rosophila  cells, followed by im mu n o b lo t analysis showed 
th a t  HSF1 was recovered in the  cy toso lic  fraction  from 
un stressed  cells, but in the n u clear fraction  of hea t-stressed  
cells (W estwood et al., 1991; Baler et al., 1993; Sarge et al.y 
1993; Zuo et al.y 1995; M ercier et al., 1999). D espite some 
d iffe rences in fraction  a tion  m ethods em ployed , these resu lts  
in d ic a te d  th a t HSF1 is a cy top lasm ic p ro te in  th a t is im ported  
in to  the  n u c leu s upon heat shock. This behav io u r appeared  
sim ila r to th a t of NF-kB (Henkel et al.y 1992), in te rfe ro n  
reg u la to ry  factor 3 (IRF-3) (Yon ey am a et al.y 1998) or hypoxia-
in d u c ib le  fact o r -1 a, HIF-1 a  (Kallio et al.y 1998), which in th e ir  
la te n t ,  in ac tiv e  form reside in the cytoplasm  and in d u c ib ly  
tra n s lo c a te  to the nucleus. However, co n tra ry  to the 
b iochem ical fraction  a tion  data , im m u n o flu o rescen ce  sta in in g  
of n o n -s tre sse d , fixed m am m alian tissue  c u ltu re  cells showed 
th a t  HSF1 is localized e ith e r in both the cytoplasm  and the 
n u c le u s  (Sarge et al., 1993), or p re d o m in a n tly  in the n u c leu s 
(R ab indran  et al., 1991 ; M artinez-B albàs et al., 1995; Cotto et 
al., 1997; M ercier et al., 1999), whereas in heat-shocked  cells 
it was always d e tec ted  in the n u cleu s (R abindran  et al.,1 9 9 1 ; 
Sarge et al., 1993; M artinez-Balbàs et a /.,1995; C otto et al., 
1997 ; M ercier et al., 1999). S im ilarly , resu lts  ob ta ined  by 
im m u n o s ta in in g  of D rosophila  cells showed th a t HSF is 
p re d o m in a n tly  a nuclear p ro te in  in both non -stressed  and 
h ea t-shocked  cells (Westwood et al.,1991; Orosz et al., 1996).
However, Zandi and cow orkers (Zandi et al., 1997) showed
th a t  D rosophila  HSF is localized in the cytoplasm  and 
tra n s lo c a te s  to the nu c leu s after heat shock. Fin a lly , a very 
in te re s tin g  observation  came from Wang and cow orkers (Wang 
et al., 1998) d em o n s tra tin g  the existence of d ev e lo p m en ta lly  
p rogram m ed  nuclear re localiza tion  in early D rosophila  
em bryos, a lth o u g h  the m echanism  reg u la tin g  th is  process 
rem ains unknow n. Taken to g e th e r , most of the
im m u n o flu o re scen ce  s tu d ies  suggested  th a t the bulk of HSF1, 
bo th  in m am m als and D rosophila , is c o n s titu liv e ly  nuc lear. 
How can the d isc repancy  between the resu lts  of b iochem ical 
frac tion  a tion  and cy to log ica l (im m u n o flu o rescen ce) assays be 
exp la ined  ? P robably, it can be a ttr ib u te d  to the  d ifference
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betw een th e  two m ethods and in ev itab le  p e r tu rb a tio n  of cell 
in te g r i ty . Similar d isc rep an c ies  have been shown p rev iously  
for o th e r p ro te in  s. For exam ple, p ro g este ro n e  recep to r and 
ary l hydrocarbon  recep to r are both shown by 
im m un o h is to c  hem ic al analysis and cell en u c lea tio n  to be 
p re d o m in a n tly  n u clear, regard less of the  p resence or absence 
of ligands. However, upon cell fraction  a tion  these p ro te in s  
were recovered in the  cy toso lic  fraction  (Jensen et al., 1986; 
Perrot-A p plan at et al., 1985; Eguchi et al., 1997). O thers have 
observed th a t upon hom ogeniz.ation >50% of p ro te in s  are lost 
from the  n u c le i (Paine et al., 1983), suggesting  q u a n tita tiv e  
" leakage" of nuclear p ro te in s  d u rin g  fraction  a t io n . This could 
exp lain  why HSF1 is recovered in cy toso lic  frac tio n . On the 
o th e r  h an d , the d isc repancy  between the resu lts  of 
im m u n o flu o resecen ce  assays can not be explained  in th is  way, 
b u t m ight reflect d ifferences in the  an tib o d ie s  u se d , e.g. 
w h e th e r they  were raised against d en a tu red  or na tive  HSF1. 
A lte rn a tiv e ly , d is t in c t p o p u la tio n s  of HSF1 m olecules may 
exist in un stressed  cells and d iffe ren t an tib o d ies  may be more 
specific  for one or the  o th e r. Also, d iffe ren t fixation 
p ro ced u res  may have in fluenced  an tig e n ic ity  of HSF1.
Since the  subject of th is  work has been to cha rac te rize  
in a c tiv e  and s tress-induced  active forms of m am m alian HSF1 
at the  ce llu la r level, th is  issue requ ired  fu rth e r  c la rifica tion  
and was approached  using a com bination  of cy to lo g ica l and 
b iochem ical m ethods s ta rtin g  with the in d irec t 
im m u n o flu o re scen ce  analysis. To in v e s tig a te  su b ce llu la r 
lo ca liza tio n  of HSF1, several m am m alian cell lines were
screened using  a po ly c lo n al an tib o d y  (an ti-w ho le  m olecule) 
raised against recom binan t m ouse HSF1 p ro d u ced  in E.coli 
and pu rified  u n d er na tive  c o n d itio n s , as described by 
F iorenza et al., 1995. Cell lines exam ined were of m onkey 
(COS-7), hum an (HeLa) or rat (RAT 12) origin  and in all of 
them  HSF1 is found to be p red o m in a n tly  nu c lear at norm al 
grow th tem p e ra tu re  (Figure 6 ). As described  p rev io u sly  for 
hum an HSF1 (M artinez-Balbàs et al., 1995), in m ito tic  cells 
HSF1 was d ispersed  th ro u g h o u t, but excluded from 
chrom osom es. In in te rp h a se  cells, n u clear s ta in in g  was 
hom o g en eo u s with ap p a ren t exclusion of n u c leo li. The 
p resen ce  of HSF1 in the cytoplasm  can not be ruled ou t, 
a l th o u g h , u n d er the co n d itio n s  used in th is  study  
cy to p lasm ic  sta in in g  was not above general background  level. 
A lthough  it is possib le th a t th is  an tib o d y  did not d e tec t the 
cy to p lasm ic  fraction  of HSF1, resu lts  were sim ilar when o ther 
anti-H SFl an tib o d ie s  were used (see below). In each case, the 
use of m e th a n o l/a c e to n e  or p ara fo rm ald eh y d e  for fixation did 
n o t change the s ta in in g  p a tte rn .
When cells were sh ifted  at 42 °C for 30 m in, ( th e  
c o n d itio n  th a t converts HSF1 to its active , DNA-binding 
fo rm ), the  s ta in in g  p a tte rn  rem ained u n ch an g ed  in all cell 
lin es  exam ined (Figure 6 ). C o n d itio n s  of mild and re la tive ly  
sh o rt heat stress were preferred  because they  do not in te rfe re  
s ig n ific an tly  with cell physio logy , yet they ac tiva te  HSF1. It 
has been repo rted  th a t upon heat stress, HSF1 in HeLa cells 
c o n c e n tra te s  in d iscre te  nuclear foci (Sarge et al., 1993; Cotto 
et al., 1997; Jolly et al., 1997; Jolly et al., 1999). These foci
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Figure 6. Nuclear localization of HSF1 in monkey (COS-7), 
human (Hela) and rat (RATI2) cells, maintained at 37°C or heat 
shocked at 42°C for 30 min.
HSF1 was detected by indirect im m unofluorescence with polyclonal anti- 
HSFl antibody (anti-whole molecule), whereas DNA was stained with 
Hoechst. Scale bar = 5 pm.
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seem  to be s p e c i f i c  for p r i m a t e  c e l l s  and do not  c o - l o c a l i z e  
wi t h  o t h e r  k n o w n  n u c l e a r  s t r u c t u r e s .  M o r e o v e r ,  t h e y  d e p e n d  
on t h e  s e v e r i t y  of  t he  heat  s t res s  and can be i n d u c e d  al so by 
o t h e r  t r e a t m e n t s  ( Co t t o  e t  al . ,  1 9 9 7 ) .  Heat  s h o c k  c o n d i t i o n s  
e m p l o y e d  in t h i s  s t u d y  did no t  r e s u l t  in HSF1 foci  in He La or 
COS-7 ce l l s  p r e s u m a b l y  b e c a u s e  t h e y  w ere n o t  s ev e r e  e n o u g h .
T h e  s ame  s t a i n i n g  p a t t e r n  was o b s e r v e d  wi th a f f i n i t y  
p u r i f i e d  a n t i - HS F l  a n t i b o d y  ( p r e p a r e d  by V . Z i ma r i n o ) ,  
p o l y c l o n a l  a n t i b o d y  to d e n a t u r e d  m o u s e  HSF1 p r o d u c e d  in 
E . c o l i  ( S a r g e  e t  al . ,  1 9 9 3 ) ,  m o n o c l o n a l  a n t i b o d y  (Mab,  
e p i t o p e :  3 7 8 - 4 0 7 ,  Co t t o  e t  al . ,  1 9 9 7 )  and a p o l y c l o n a l
a n t i b o d y  to a c a r b o x y - t e r m i n a l  p e p t i d e  of  HSF1 ( a n t i  C- term 
e n d ,  Chu et  a i ,  1996). T h e  s p e c i f i c i t y  of  a n t i b o d y  s t a i n i n g  was  
al so  a s s aye d  by in s i t u  c o m p e t i t i o n :  a d d i t i o n  of  n a t i v e
p u r i f i e d  r e c o m b i n a n t  HSF1, but  not  of  HSF2, c o m p l e t e l y  
a b o l i s h e d  i m m u n o s t a i n i n g ,  c o n f i r m i n g  t hat  s t a i n i n g  was  
s p e c i f i c  for HSF1 ( d a t a  no t  s h o w n ) .  T h e r e f o r e ,  u n d e r  
c o n d i t i o n s  us e d  in t h i s  s t u d y ,  HSF1 in m a m m a l i a n  c e l l s  is 
p r e d o m i n a n t l y ,  if no t  e x c l u s i v e l y ,  n u c l e a r ,  bot h  b e fo re  and  
af t er  heat  s t res s .  Th i s  i m p l i e s  t hat  i n a c t i v e  HSF1 r e c e i v e s  t he  
h e a t  s t res s  s i g n a l  in t h e  n u c l e u s .
In RATI 2 d e r i v a t i v e  c l o n e  36,  in wh i c h  e x p r e s s i o n  of  
m o u s e  HSF1 is i n d u c e d  by t e t r a c y c l i n e  r e m o v a l  ("Tet -Of f"  
e x p r e s s i o n  s y s t e m ,  G ossen  and Buj ard,  1 9 9 2 ) ,  t he  HSF1 
s t a i n i n g  was n u c l e a r  in - 9  5% of  t he  ce l l s  ( F i g ur e  7 A ) . In a 
s m a l l  p e r c e n t a g e  of  "Tet-Off" ce l l s  ( - 5 % ) ,  a weak s i g n a l  abo v e  
b a c k g r o u n d  was  also  d e t e c t e d  in t he  c y t o p l a s m .  On a v e r a g e ,  
t h e s e  c e l l s  e x p r e s s  m o u s e  HSF1 a p p r o x i m a t e l y  10 fold abo v e
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Figure 7. Stable expression of mouse HSF1 in RATI2 fibroblasts
in Tetracycline-regulated manner ("Tet-Off")
(A) Nuclear localization of  HSF1 in clone 36 cells 24 hours after 
tetracycline withdrawal. HSF1 was detected by indirect 
immunofluorescence with anti-HSFl antibody.
(B) Immunoblot with anti-HSFl antibody on protein extracts from parental  
RATI2 cells (RATI2), clone 36 cells grown in the presence of  
tetracycline (+Tet) or 48 hours after withdrawal of  tetracycline (-Tet),  
and an aliquot of  mouse HSF1 translated in vi tro  (RETIC).
(C) Immunoblots showing Superose 6 fractionations of  whole cell extracts 
from clone 36 cells maintained at 37T! or heat shocked at 4 2 <C! for 30 
min. Peak elutions of  protein markers thyroglobulin (669kD),  beta-  
amylase (200kD) and BSA (69kD) are indicated above the lanes.
(D) Electrophoretic mobility shift assay showing induction of  the HSE- 
binding activity in heat-shocked clone 36 cells. B - bound probe; F - 
free probe.
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t h e  e n d o g e n o u s  p r o t e i n ,  as j u d g e d  from t h e  i m m u n o b l o t  
a n a l y s i s  ( F ig ur e  7B).  I m p o r t a n t l y ,  gel  f i l t r a t i o n  
c h r o m a t o g r a p h y  in a S u p e r o s e  6 c o l u m n  s h o w e d  p r o p e r  
r e g u l a t i o n  of  t h e  o l i g o m e r i c  s ta t e  of  HSF1 in t h i s  e x p r e s s i o n  
s y s t e m .  HSF1 e x t r a c t e d  from c e l l s  at 3 7 °C p e ak s  in f r a c t i o n s  n.  
2 0 - 2 2 ,  w h e r e a s  HSF1 from heat  s h o c k e d  c e l l s  was r e c o v e r e d  in 
t h e  ear l i er  f r a c t i o n s  n . 13 - 16  ( F ig u r e  1 C) .  T h e s e  e l u t i o n
p r o f i l e s  s h o w e d  the  c h a r a c t e r i s t i c  sh i f t  w h i c h  is i n d i c a t i v e  of  
h e a t  s h o c k  i n d u c e d  o l i g o m e r i z a t i o n  of  HSF1, i.e.  m o n o m e r  to 
t r i m e r  t r a n s i t i o n  (Rabin d ran e t  al . ,  1 9 9 3 ;  Farkas e t  al . ,  1 9 9 8 ) .  
Both  i n a c t i v e  and a c t i v e  forms  of  HSF1 crom a t o g r a p  h as larger  
s p e c i e s  th an  e x p e c t e d :  i n a c t i v e  HSF1 e l u t e s  as a s p e c i e s  of  ~ 
1 0 0  kD,  w h e r e a s  a c t i v e  HSF1 e l u t e s  as a s p e c i e s  of  > 6 0 0  kD.  
T h i s  is in a g r e e m e n t  wi th p r e v i o u s  o b s e r v a t i o n s  w h i c h  
s u g g e s t e d  that  both  m o n o m e r  and trim er are non  - g l o b u  lar 
and  t h e r e f o r e  p r o d u c e  a n o m a l o u s  m e a s u r e m e n t s  in gel  
f i l t r a t i o n  c h r o m a t o g r a p h y  (Larson e t  al . ,  199 5; Farkas e t  al . ,  
1 9 9 8 ) .  C o n s i s t e n t  wi th  t h e  r e s u l t s  of  gel  f i l t r a t i o n ,  HSE-
b i n d i n g  a c t i v i t y  is i n d u c e d  in heat  s h o c k e d  ce l l s  ( F i gu r e  7 D ) .
Ta ke n  t o g e t h e r ,  t h e s e  d a t a  s h o w  t hat  HSF1 s ta b l y
e x p r e s s e d  in t h i s  i n d u c i b l e  s y s t e m  is c o r r e c t  ly r e g u l a t e d ,
s i n c e  it a d o p t s  t h e  b e h a v i o r  of  t h e  e n d o g e n o u s  p r o t e i n  . T h e s e  
p r o p e r t i e s  make  t h e  "Tet-Off" e x p r e s s i o n  s y s t e m  s u i t a b l e  for 
s t u d y i n g  r e g u l a t i o n  of  HSF1, b e c a u s e  i n d u c i b l e ,  m o d e r a t e  
o v e r e x p r e s s i o n  d o e s  not  r es u l t  in d e r e g u l a t i o n  ( i .e .
c o n s t i t u t i v e  o l i g o m e r i z a t i o n  and DNA b i n d i n g )  as o f t en  seen  
in o t h e r  t r a n s i e n t  or s tab l e  o v e r e x p r e s s i o n  s y s t e m s  in w h i c h  
t h e  l e v e l  of  HSF1 c o u l d  not  be c o n t r o l l e d .
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In an ef fort  to l ook  at t h e  l o c a l i z a t i o n  of  HSF1 u s i n g  a 
c e l l  f r a c t i o n  a t i o n  assay ,  n u c l e i  were  i s o l a t e d  from n o n - h e a t  
s h o c k e d  and heat  s h o c k e d  RAT 12 c e l l s  u s i n g  h y p o t o n i c  l ys i s  
o f  c e l l s  f o l l o w e d  by p u r i f i c a t i o n  of  t h e  n u c l e i  t h r o u g h  a 
s u c r o s e  c u s h i o n  and i m m u n o s t a i n i n g  ( see  M at e r i a l s  and 
M e t h o d s ) .  The  r e s u l t s  s h o w e d  t hat  t h e  n u c l e i  i s o l a t e d  from 
u n s t r e s s e d  c e l l s  were not  s t a i n e d  wi th a n t i - H S F l ,  w h i l e  t h e  
n u c l e i  i s o l a t e d  from h e a t - s t r e s s e d  c e l l s  s t a i n e d  p o s i t i v e l y  for 
HSF1 ( F i gu r e  8A).  The  loss  of  HSF from non -sh o c k e d  n u c l e i ,  
w h i c h  is mo s t  p r o b a b l y  d u e  to “l e a k a g e "  t h r o u g h  ( d a m a g e d )  
n u c l e a r  m e m b r a n e  d u r i n g  f rac t i on  a t i o n , is in a g r e e m e n t  wi th  
t h e  r e s u l t s  of  a s i m i l a r  e x p e r i m e n t  p e r f o r m e d  on D r o s o p h i l a  
SL-2 c e l l s  by W e s t w o o d  e t  al . ,  1 99 1 .  T h e y  also s h o w e d  t ha t  HSF 
is q u a n t i t a t i v e l y  los t  from t h e  n u c l e i  i s o l a t e d  from n o n ­
s t r e s s e d  c e l l s  and is r e c o v e r e d  in t h e  c y t o s o l .  S imi lar
o b s e r v a t i o n s  h a v e  been m a d e  ear l i er  wi th e s t r o g e n  and  
p r o g e s t e r o n e  r e c e p t o r ,  w h i c h  both r e s i d e  in the  n u c l e u s  
( Perr o t -Ap p l a n t  e t  al . ,  1985;  King and G r e e n e ,  1 9 8 4 ) ,
i r r e s p e c t i v e l y  of  w h e t h e r  t h e y  are b o u n d  to t h e  l i g a n d  or n o t .  
H o w e v e r ,  after h o m o g e n i z a t i o n ,  l i g a n d - f r e e  r e c e p t o r s  were  
f o u n d  in t h e  c y t o s o l  ( Go r sk i  e t  al . ,  1 9 6 8 ) .  O t h e r s ,  as
m e n t i o n e d  a b o v e ,  o b s e r v e d  t hat  t h i s  p h e n o m e n o n  of  
"leakage"  of  n u c l e a r  p r o t e i n s  after h o m o g e n i z a t i o n  is more  
g e n e r a l  ( P a i n e  e t  al . ,  1 9 8 3 ) .
H o w e v e r ,  n u c l e a r  r e s i d e n c y  of  HSF1 can be p e r t u r b e d  
r e v e r s i b l y  in i n t a c t  t i s s u e  c u l t u r e  c e l l s  t h u s  m i m i c k i n g  the  
d i s t r i b u t i o n  of  HSF1 d u r i n g  h o m o g e n i z a t i o n  of  non  -st re s sed  
c e l l s .  For t h i s  p u r p o s e ,  c l o n e  36 c e l l s  were  t r ea t e d  wi th
Figure 8A
IMMUNOSTAINING OF ISOLATED 
RAT12 CELL NUCLEI
Figure 8B
control
%
sodium azide recovery
N
control oligomycin recovery
Figure 8. Subcellular fractionation and treatment with energy 
poisons provoke nuclear exit of HSF1.
(A)HSF1 staining of  RAT 12 nuclei  isolated from the cells maintained at 
37T! or heat shocked at 4 2 <C! for 30 min.
(B) HSF1 staining of  clone 36 cells: untreated (control),  treated for 4 hours  
with lOmM sodium azide or for 1 hour with 25pm oligomycin.  In 
parallel,  the cells treated with indicated drugs were recovered for 4 
hours in regular DMEM (recovery).  All incubations were done in the 
presence of  cycloheximide (lOOjig/ml).
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v a r i o u s  e n e r g y  p o i s o n s .  In the  p r e s e n c e  of  c y c l o h e x i m i d e  to 
b l o c k  d e  n o v o  p r o t e i n  s y n t h e s i s ,  e n e r g y  p o i s o n s  ( i n h i b i t o r s  of  
ATP s y n t h e s i s )  s o d i u m  a z i d e ,  o l i g o m y c i n  and a n t i m y c i n ,  
p r o v o k e d  extran u c l ea r  l o c a l i z a t i o n  of  HSF1 w h i c h  was  
d e t e c t e d  in a m a j o r i t y  o f  c e l l s  after 4 h o u r s  of  t r e a t m e n t  wi th  
s o d i u m  a z i d e  or 1 h o u r  of  t r e a t m e n t  wi th o l i g o m y c i n  or 
a n t i m y c i n .  Fi gure  8B s h o w s  r e p r e s e n t a t i v e  s t a i n i n g  of  the  
c e l l s  t r e a t ed  wi th  s o d i u m  a z i d e  or o l i g o m y c i n ,  w h e r e a s  Table  
1 s u m m a r i z e s  the  r e s u l t s  of  s c o r i n g  > 1 0 0  c e l l s  for t h e  e f f ec t  of  
e a c h .  By v i s u a l  i n s p e c t i o n ,  t h re e  t y p e s  of  s t a i n i n g  p a t t e r n s  
we r e  a s s i g n e d  to t h e  ce l l s :  n u c l e a r  (N,  as s h o w n  for c o n t r o l  or 
r e c o v e r y ) , p r e d o m i n a n t  n u c l e a r  wi th a v i s i b l e  c y t o p l a s m i c  
c o m p o n e n t  (N>C,  as for o l i g o m  y c in  - t r e a t e d  c e l l s )  or 
p r e d o m i n a n t  c y t o p l a s m i c  (C>N,  as s h o w n  for s o d i u m  a z i d e -  
t r e a t e d  c e l l s ) .  A l t h o u g h  t h e  bu l k  of  HSF1 r e m a i n e d  n u c l e a r ,  in 
t h e  m a j o r i t y  of  c e l l s  t r e a t m e n t  wi th e n e r g y  p o i s o n s  p r o v o k e d  
a p p e a r a n c e  of  t h e  p r o t e i n  in t h e  c y t o p l a s m  (N>C) .  The  
d i f f e r e n c e  o b s e r v e d  b e t w e e n  c e l l s  t r e a t ed  wi th  s o d i u m  a z i de  
a nd  o l i g o m y c i n  or a n t i m y c i n  can be a t t r i b u t e d  to the  
v a r i a b i l i t y  in p e n e t r a t i o n  of  t h e s e  d r u g s  i n t o  t h e  c e l l s  and to 
t h e  fact t hat  t h e i r  m e c h a n i s m  of  a c t i o n  is d i f f e r e n t ,  as 
r e p o r t e d  p r e v i o u s l y  (Kl in gen b e r g , 1989;  Gu i o c h  o n - M a n  t e l  e t  
al . ,  1 9 9 1 ) .  In a d d i t i o n ,  t he  t r e a t m e n t  wi th  o l i g o m y c i n  or 
a n t i m y c i n  l o n g e r  than 1 h o u r  were  let al to t h e  ce l l s .  
I m p o r t a n t l y ,  n u c l e a r  exi t  of  HSF1 was,  in all t h r e e  cases  
r e v e r s i b l e ;  w he n  t h e  d r u g s  were  w a s h e d  o ut  and c e l l s  p u t  
u n d e r  n o r m a l  c o n d i t i o n s ,  n u c l e a r  l o c a l i z a t i o n  of  HSF1 was  
r e s t o r e d  w i t h i n  4 h o u r s  as s h o w n  in r e p r e s e n t a t i v e
TREATMENT
SUBCELLULAR LOCALIZATION
nuclear nuclear&cytoplasmic cytoplasmic
NONE 95% 5%
SODIUM AZIDE (lOmM) 10% 80% 10%
SODIUM AZIDE/ 
RECOVERY
95% 5%
OLIGOMYCIN (25|iM) 100%
ANTIMYCIN (25nM) 100%
T able 1. Summary of the effect of energy poisons on 
subcellular localization of HSF1 in "Tet-Off" clone 36 cells. 
Based on the immunostaining, the cells were categorized in 
three groups: nuclear staining, predominant nuclear with vis­
ible cytoplasmic staining and cytoplasmic staining. For each 
experimental point >100 cells were scored.
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i m m u n o s t a i n i n g  ( s o d i u m  azid e /  r e c o v e r y )  in F i gure  8B. S ince  
p r o t e i n  s y n t h e s i s  was b l o c k e d  t h r o u g h o u t  t h e  c o u r s e  of  the  
e x p e r i m e n t ,  t h i s  i n d i c a t e d  that  t h e  same  HSF1 p o o l  was  
r e l o c a t i n g  to t h e  c y t o p l a s m  and back to t h e  n u c l e u s .  Th i s  
s u g g e s t s  t hat  n u c l e a r  r e s i d e n c y  of  HSF1 may r e f l ec t  a mor e  
d y n a m i c  s i t u a t i o n :  a l t h o u g h  at s t e a d y  s ta te  h i g h l y
a s y m m e t r i c a l l y  d i s t r i b u t e d ,  HSF1 has  t h e  a b i l i t y  for 
b i d i r e c t i o n a l  t r a n s p o r t  acros s  t he  n u c l e a r  e n v e l o p e .  A s im i l a r  
o b s e r v a t i o n  was m a d e  for t h e  p r o g e s t e r o n e  r e c e p t o r ,  w h i c h  
r e v e r s i b l y  r e l o c a l i z e d  to t h e  c y t o p l a s m  in c e l l s  t r e a t e d  wi th  
e n e r g y  p o i s o n s  (Gu ich o n - M a n  t e l  e t  al . ,  1 9 9 1 ) .  It was p r o p o s e d  
t h a t  t h i s  sh i f t  in nu c l e o c y  t op lasm ic d i s t r i b u t i o n  c o u l d  be d u e  
to  t h e  n u c l e a r  e f f l u x  of  t h e  r e c e p t o r  w h i c h ,  u n l i k e  n u c l e a r  
i m p o r t ,  o c c u r s  u n d e r  t h e  c o n d i t i o n s  of  e n e r g y  d e p l e t i o n .  In 
a d d i t i o n ,  t h i s  e f fect  d e p e n d e d  on t h e  NLS of  t h e  r e c e p t o r  
s u g g e s t i n g  that  t h e  NLS also m e d i a t e s  n u c l e a r  exi t  of  t h i s  
p r o t e i n  (Gu ich on - M a n t e l  e t  al . ,  1 9 9 4 ) .  It is p o s s i b l e  t ha t  the  
c h a n g e  in s u b c e l l u l a r  d i s t r i b u t i o n  of  HSF1 in t h e  c e l l s  t r ea t ed  
w i t h  e n e r g y  p o i s o n s  is d u e  to t h e  same  e f f e c t , but  it is not  
k n o w n  t h at  any  s p e c i f i c  s e q u e n c e  in HSF1 is r e q u i r e d .  S ince
t h e  e f f ec t  of  e n e r g y  p o i s o n i n g  was seen wi th s o d i u m  a z i d e ,  
o l i g o m y c i n  and a n t i m y c i n  w h i c h  all h a v e  d i f f e r e n t
m e c h a n i s m s  of  a c t i o n ,  it is u n l i k e l y  that  t h e i r  e f f ec t  on
s u b c e l l u l a r  d i s t r i b u t i o n  of  HSF1 was d u e  to a n o n - s p e c i f i c  
a c t i o n  of  each of  t h e m . M o r e o v e r ,  exi t  of  HSF1 from t he
n u c l e u s  can not  be a t t r i b u t e d  to i r r e v e r s i b l e  ce l l  d a m a g e  
s i n c e  the  e f f ec t  of  e n e r g y  p o i s o n s  is r e v e r s i b l e :  wh e n  t h e  c e l l s
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w ere  t r an s fe r r e d  back i n t o  m e d i u m  d e v o i d  of  t h e s e  d r u g s ,  
HSF1 r e g a i n e d  i ts i n i t i a l  m a x i m a l  n u c l e a r  l o c a l i z a t i o n .
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S e q u e n c e  r e q u i r e m e n t s  f o r  t h e  n u c l e a r  
l o c a l i z a t i o n  o f  HSF1
T h e  next  q u e s t i o n  t hat  was a d d r e s s e d  was w h e t h e r  the  
c o n s t i t u t i v e  n u c l e a r  a c c u m u l a t i o n  of  HSF1 d e p e n d s  on the  
i n t e g r i t y  of  i ts c o n s e r v e d  d o m a i n s .  A set of  e x p e r i m e n t s  were  
p e r f o r m e d  in w h i c h  HSF1 b e a r i n g  m u t a t i o n s  in e i t h e r  t he  
D N A - b i n d i n g  d o m a i n ,  trim e r i z a t  i on  d o m a i n  ( HR- A/ B)  or 
c a r b o x y - t e r m i n a l  l e u c i n e  z i p p e r  4 (HR-C) was fused  to t he  
c a r b o x y - t e r m  in u s of  green f l u o r e s c e n t  p r o t e i n  (GFP) and 
t r a n s i e n t l y  o v e r e x p r e s s e d  in He La c e l l s .  24 h o u r s  p o s t ­
t r a n s f e c t i o n ,  t h e i r  s u b c e l l u l a r  d i s t r i b u t i o n s  were e x a m i n e d  
u n d e r  t h e  m i c r o s c o p e .  The  first m u t a t i o n  was a d e l e t i o n  in 
t h e  D N A - b i n d i n g  d o m a i n  of  r e s i d u e s  6 to 80 ( A 6 - 8 0 )  that
a b r o g a t e s  DNA b i n d i n g  (Farkas T., 1 9 9 5 ) .  The  s e c o n d  m u t a t i o n  
was  a d e l e t i o n  in t he  trim e r i z a t  i on  d o m a i n  r e m o v i n g  r e s i d u e s  
1 6 0 - 1 7 2  ( A 1 6 0 - 1 7 2 ) ,  m a k i n g  t he  p r o t e i n  u n a b l e  to o l i g o m e r i z e  
(Farkas  T., 1 9 9 5 ) .  The  th i rd  m u t a t i o n  was a s i n g l e  a m i n o  acid 
s u b s t i t u t i o n  in t h e  trim e r i za t  io n d o m a i n ;  h i s t i d i n e  at 
p o s i t i o n  179 was r e p l a c e d  by a r g i n i n e ,  H1 7 9 R.  Th i s  m u t a n t  
was  s h o w n  to be con s t i t u  l i v e l y  o l i g o m e r i c  wh e n  e x p r e s s e d  in 
v i t r o  (Farkas  e t  al . ,  1 9 9 8 ) .  F i n a l l y ,  t r i p l e  a m i n o  acid 
s u b s t i t u t i o n  M 3 8 7 K / L 3 9 1 A / L 3 9 4 A  in t h e  HR-C ( l e u c i n e  z i p p e r  
4)  was also a n a l y z e d .  Thi s  m u t a t i o n ,  l ike  H 1 7 9 R ,  r e l i e v e s  
s u p p r e s s i o n  of  trim e r i z a t  ion m a k i n g  t h e  p r o t e i n  
c o n  s t i t u  l i v e l y  o l i g o m e r i c  in v i v o ,  as s h o w n  p r e v i o u s l y  
( Ra bi n  d ran e t  al . ,  1 9 9 3 ) .  Wi ld t y p e  (wt ) HSF1 and each  
m u t a n t  were  n u c l e a r  in at l east  90% of Iran s f e c t a n  t s ,  u n l i k e
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free  GFP, w h i c h  a p p e a r e d  d i s t r i b u t e d  d i f f u s e l y  t h r o u g h o u t  
t h e  ce l l  ( F i gu r e  9 A ) . In each case ,  t h e  s ame  r es ul t  was  
o b s e r v e d  w i t h o u t  GFP tag ( d a t a  not  s h o w n ) .  T h e r e f o r e ,
f u n c t i o n a l  i n t e g r i t y  of  c o n s e r v e d  d o m a i n s  d o e s  n o t  seem to 
be r e q u i r e d  for n u c l e a r  a c c u m u l a t i o n  of  HSF1. In a d d i t i o n ,  the  
GFP m o i e t y  did n o t  a p p e a r  to i n f l u e n c e  l o c a l i z a t i o n  of  HSF1. 
F i g u r e  9B s h o w s  a p r o t e i n  blot  p r o b e d  wi th  an an t i -GFP
a n t i b o d y ,  c o n f i r m i n g  t h e  p r e d i c t e d  m o l e c u l a r  mass  of  the  
p o l y p e p t i d e s .  The  r e l e v a n t  GFP-HSF1 c h i m e r a s  were  a n a l y z e d  
by S u p e r o s e  6 gel  f i l t r a t i o n  c h r o m a t o g r a p h y  to e v a l u a t e  t h e i r  
n a t i v e  s i zes .  P r o te i n  e x t r a c t s  from He La c e l l s  24 h o u r s  p o s t ­
t r a n s f e c t i o n  were  f r a c t i o n a t e d  in S u p e r o s e  6 c o l u m n  and the  
c o l u m n  f r a c t i o n s  were  a s sayed  by p r o b i n g  p r o t e i n  b l o t s  wi th  
an t i -GFP a n t i b o d y .  F i gure  9C s h o w s  that  GF P- HS Fl wt  a d o p t e d  
t h e  p r o p e r  r e g u l a t i o n  b e c a u s e  30 min hea t  s h o c k  at 42 °C 
i n d u c e d  t h e  e x p e c t e d  i n c r e a s e  of  i ts n a t i v e  s i ze .  M o r e o v e r ,  
w h e n  c e l l s  were first heat  s h o c k e d  and t h e n  a l l o w e d  to
r e c o v e r  at 37°C,  GFP-HSF1 d i s s o c i a t e d  back to t h e  m o n o m e r i c  
f o r m . C o m p l e t e  d i s s o c i a t i o n  was o b s e r v e d  after 3 h o u r s  of
r e c o v e r y ,  a l t h o u g h  it was c l ea r ly  d e t e c t a b l e  a l r e a d y  at 30 min  
( F i g u r e  9C) .  T h e s e  r e s u l t s  were  r e p r o d u c i b l e  in m a n y  
e x p e r i m e n t s .  In c o n t r a s t ,  GFP-HSF1 :A 1 6 0 - 1 7 2  d id  n o t  s h o w  
d i f f e r e n c e s  in n a t i v e  s ize  b e t w e e n  n o n - s t r e s s e d  and h e a t -  
s h o c k e d  c e l l s ,  ( F i gu r e  9 C ) . E l u t i o n  p r o f i l e s  of  GFP-HSF1 :H 17 9R  
a n d  GFP-HSF1 :M3 8 7 K/L3 9 1 A/ L3 9 4 A  were c o n s i s t e n t  wi th the  
e x p e c t a t i o n  t h a t  t h e y  exi s t  in v i v o  as o l i g o m e r i c  s p e c i e s  at 
37 °C, a l t h o u g h  t h e i r  e l u t i o n  p r o f i l e s  were  n o t  i d e n t i c a l  
( F i g u r e  9 C ) .
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Figure 9. Analysis of GFP-HSF1 chimeras after transient 
overexpression in HeLa cells.
(A)Nuclear localization of  GFP-HSF1 wild type (wt) and GFP-HSF1 mutants  
(A6-80, A160-172,  H179R and M387K/L391 A/ L394A). In contrast,  GFP 
shows diffuse distribution.
(B) Immunoblot with anti-GFP antibody on whole cell extracts.
(C) Immunoblots showing Superose 6 fractionations of  whole cell extracts.  
In case of  wt and A160-172,  the original pool  of  transfectants was split 
into four or two portions,  respect ively,  and the cells were either 
maintained at 3 7 C , heat shocked at A2°C for 30 min or heat shocked 
and then recovered at 3 7 qC for indicated period of  time (30 min or 3 
hours).  Peak elutions of  protein markers thyroglobulin (669kD),  beta-  
amylase (200kD) and BSA (69kD) are indicated above the lanes.
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T h e  a b o v e  p r o t e i n s  s h o w e d  c o m p a r a b l e  n u c l e a r  
a c c u m u l a t i o n ,  l e a d i n g  to t h e  c o n c l u s i o n  t hat  n u c l e a r  
r e s i d e n c y  of  HSF1 is not  c o u p l e d  to e i t h e r  i ts o l i g o m e r i c  s ta te  
or s e q u e n c e - s p e c i f i c  DN A b i n d i n g  a b i l i t y .  I m p o r t a n t l y ,  the  
b e h a v i o r  of  t h e s e  f u s i o n  p r o t e i n s  ( s u m m a r i z e d  in Tabl e  2) 
m a k e s  t he m r e l i a b l e  for f u r t h e r  i n v e s t i g a t i o n  of  HSF1 at the  
c e l l u l a r  l e v e l .
S i n c e  t he  t r a n s p o r t  of  p r o t e i n s  b e t w e e n  t h e  n u c l e u s  and 
c y t o p l a s m  t h r o u g h  n u c l e a r  p o re  c o m p l e x e s  (NPC) is in g e n e r a l  
s e l e c t i v e  and s i g n a l - m e d i a t e d  ( G o r l i c h  and Ma t t a j ,  1 9 9 6 ) ,  a 
s u b t r a c t i v e  a p p r o a c h  was e m p l o y e d  in o rder  to d e f i n e  
m i n i m a l  s e q u e n c e  r e q u i r e m e n t s  for n u c l e a r  a c c u m u l a t i o n  of  
H S F1 . For t h i s  p u r p o s e  a s er i e s  of  c a r b o x y - t e r m  in al d e l e t i o n s  
o f  m o u s e  HSF1 t a g g e d  wi th t h e  myc  e p i t o p e  at t h e  am in o-  
t erm in u s has  been c o n s t r u c t e d .  Th e ir  s u b c e l l u l a r  d i s t r i b u t i o n  
h a s  been e x a m i n e d  by i m m u n o f l u o r e s c e n c e  wi th  a n t i - m y c  
a n t i b o d y  after t r a n s i e n t  e x p r e s s i o n  in HeLa c e l l s  (24  h o u r s  
p o st -t ran s f e c t  io n ). F i gure  10 s h o w s  r e p r e s e n t a t i v e  e x a m p l e s  of  
i m m u n o f l u o r e s c e n c e  a n a l y s i s  of  each m u t a n t  a l o n g  wi th  t he  
c o r r e s p o n d i n g  h i s t o g r a m .  For each h i s t o g r a m  >3 0 0  t r a n s f e c t e d  
c e l l s  h a v e  been scored in t h r e e  i n d e p e n d e n t  t r a n s f e c t i o n  
e x p e r i m e n t s .  After v i s u a l  i n s p e c t i o n  four s t a i n i n g  p a t t e r n s  
w e re  a s s i g n e d :  N, for n u c l e a r  o n l y ,  N>C,  for p r e d o m i n a n t l y  
n u c l e a r ,  but  wi th v i s i b l e  c y t o p l a s m i c  s i g n a l ,  N=C,  for e q u a l  
d i s t r i b u t i o n  b e t w e e n  n u c l e u s  and c y t o p l a s m  and C>N,  for 
p r e d o m i n a n t l y  c y t o p l a s m i c .  As s h o w n  in Fi gure  10,  
p r o g r e s s i v e  d e l e t i o n  of  a m i n o  a c i ds  from t h e  c a r b o x y - t e r m  in u s 
t h a t  i n c l u d e  end  p o i n t s  at r e s i d u e s  38 2 ( 1 - 3 8 2 ) ,  266  ( 1 - 2 6 6 ) ,
localization 
37°C and 42°C
oligomeric state 
37°C 42°CGFP-HSF1
wt nuclear monomer oligomer
A160-172 nuclear monomer monomer
H179R nuclear oligomer n.d.
K387/A391/A394 nuclear oligomer n.d.
Table 2. Summary of the analysis of relevant GFP-HSF1 
chimeras in transiently transfected HeLa cells. Subcellular 
localization was determ ined by fluorescence, whereas 
oligomeric state was assayed by gel filtration chromatogra­
phy of whole cell extracts, 
n.d. indicates not determined.
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2 4 7  ( 1 - 2 4 7 ) ,  235 ( 1 - 2 3 5 )  and 228 ( 1 - 2 2 8 )  did not  a l ter  t h e  
e x t e n t  of  n u c l e a r  a c c u m u l a t i o n  o b s e r v e d  wi th  t h e  ful l  l e n g t h  
HSF1 ( 1 - 5 0 3 ) .  F u r t he r  d e l e t i o n  of  3 r e s i d u e s  c a u s e d  a
p r e v a l e n c e  of  N>C,  as s h o w n  in 1 - 2 2 5 ,  s u g g e s t i n g  t hat  n u c l e a r  
a c c u m u l a t i o n  was n o t  m a x i m a l .  When r e s i d u e s  b e t w e e n  225  
and 198 were  d e l e t e d ,  1-198  was a p p a r e n t l y  e q u a l l y
d i s t r i b u t e d  b e t w e e n  t h e  two c o m p a r t m e n t s  in the  m a j o r i t y  of  
c e l l s .  H o w e v e r ,  in >3 0% of  c e l l s  1 -198  was p r e d o m i n a n t l y
c y t o p l a s m  ic (C>N) ,  as s h o w n  in t h e  c o r r e s p o n d i n g  Figure.  
D e l e t i o n  m u t a n t s  e n d i n g  at p o s i t i o n s  167 ( 1 - 1 6 7 ) ,  141 ( 1 - 1 4 1 )  
and 120 ( 1 - 1 2 0 )  all s h o w e d  N=C t y p e  of  d i s t r i b u t i o n .  F i gure  
10 also d i s p l a y s  p o l y p e p t i d e  s p e c i e s  d e t e c t e d  wi th  t h e  a nt i -  
m y c  a n t i b o d y .  Th e  r e s u l t s  of  t h i s  a n a l y s i s  i n d i c a t e d  that  a 
m a j o r  s e q u e n c e  e l e m e n t  for n u c l e a r  i m p o r t  r e s i d e s  b e t w e e n  
r e s i d u e s  198 and 228  ( F i g ur e  11 A ) . A l t h o u g h  HSF1 d o e s  not  
c o n t a i n  an e a s i l y  r e c o g n i z a b l e  "c las s i ca l"  NLS c o n s e n s u s ,  
i n s p e c t i o n  of  t h i s  r eg i o n  has r e v e a l e d  a c l u s t e r  o f  t h r e e  bas ic  
a m i n o  a c i ds ,  l y s i n e ,  a r g i n i n e  and l y s i n e  (KRK in s i n g l e  l e t t e r  
c o d e ) ,  at p o s i t i o n  2 0 6 - 2 0 8  that  m i g h t  be c r i t i c a l  ( F ig u r e  11 A).  
A c l a s s i c a l  S V4 0 - t yp  e NLS u s u a l l y  c o n t a i n s  o n e  or mor e  
c l u s t e r s  of  bas ic  a m i n o  a c i ds .  For e x a m p l e ,  t h e  NLS in the  
l ar ge  T a n t i g e n  of  s imi an  v i r us  40 ( S V40)  ( N e w m e y e r  e t  al . ,  
1 9 8 6 )  c o n t a i n s  7 r e s i d u e s  (PKKKRKV); t h e  b i p a r t i t e  NLS of  
n u c l e o p  lasm in ( D i n g w a l l  e t  al . ,  1 9 8 2 )  c o n t a i n s  two bas ic  
c l u s t e r s  ( u n d e r l i n e d )  s e p a r a t e d  by a 10 a m i n o  acid l i n ke r  
( KRP A AI KK AG Q AKKKK). To a d d r e s s  a p o s s i b l e  role  o f  c l u s t e r e d  
ba s ic  r e s i d u e s  in HSF1 as a p o t e n t i a l  NLS m o t i f ,  s i t e - d i r e c t e d  
m u t a g e n e s i s  a p p r o a c h  was used and t h e  r e s i d u e s  at p o s i t i o n s
Figure 10
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Figure 10. Analysis of carboxy-terminal deletion mutants of 
myc-tagged HSF1 in transiently transfected HeLa cells.
Subcellular localization of  mycHSFlwt (1-503)  and carboxy-terminal  
deletion mutants detected by indirect immunof luorescence with anti-myc 
antibody (9E10).  The end point of  each deletion mutant is shown on the 
figures. The corresponding histograms are derived from scoring >300 cells 
in three separate experiments.  By visual inspection,  four categories of  
subcellular distribution were assigned: nuclear (N), predominant nuclear 
with visible cytoplasmic portion (N>C), an equal distribution between two 
compartments  (N=C) and predominant cytoplasmic staining (C>N).
Below is shown immunoblot  on whole cell extracts with anti-myc antibody.
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2 0 6 - 2 0 8  were  e x c h a n g e d  by a l a n i n e s .  The  m u t a t i o n  was t e s t e d  
in t h e  c o n t e x t  of  t h e  ful l  l e n g t h  HSF1 in t r a n s i e n t l y  
t r a n s f e c t e d  HeLa ce l l s .  As s h o w n  in F i gure  11 A, 
HSF1 :KRK206/  8 AAA was q u a n t i t a t i v e l y  r e l o c a l i z e d  to the  
c y t o p l a s m .  T hi s  d e m o n s t r a t e s  t hat  bas ic  c l u s t e r  2 0 6 - K R K- 2 0 8  
is  e s s e n t i a l  for n u c l e a r  t a r g e t i n g .  H o w e v e r ,  as s h o w n  a b o v e ,  
f u l l  n u c l e a r  l o c a l i z a t i o n  also r e q u i r ed  a r e g i o n  l o c a t e d  more  
to  t h e  c a r b o x y - t e r m  in us ,  s i n c e  1 -228  was f u l l y  n u c l e a r  u n l i k e  
1 - 2 2 5 .  By s e q u e n c e  i n s p e c t i o n  of  t h e  r eg i o n  2 0 9 - 2 2 8 ,  two  
b a s i c  r e s i d u e s  were f o u n d :  l y s i n e  at p o s i t i o n  224  and a r g i n i n e  
at p o s i t i o n  2 2 7 .  T h e s e  two r e s i d u e s  were  mu t a g e n  i z ed  to 
a l a n i n e s  and a s sa ye d  in c o n t e x t  of  ful l  l e n g t h  HSF1. As s h o wn  
in F i gure  11 A, t h i s  m u t a t i o n  had a m o d e s t  e f f ec t  on HSF1 
s u b c e l l u l a r  d i s t r i b u t i o n ,  in c o m p a r i s o n  to KRK-206 /  8 -AAA 
m u t a n t .  The  bu l k  of  HSF1 : K 2 2 4 A / R 2 2 7 A  was n u c l e a r ;  h o w e v e r ,  
a s i g n i f i c a n t  a m o u n t  of  t h e  p r o t e i n  was c y t o p l a s m i c  ( F i gure  
1 1 A ) . C o n t r a r y  to t h e  p r e v i o u s l y  p u b l i s h e d  da t a  ( Z h u o  et al . ,  
1 9 9 5 ) ,  m u t a t i o n  to a l a n i n e s  of  a n o t h e r  bas ic  c l u s t e r ,  KRK at 
p o s i t i o n  1 1 6 - 1 1 8  did n o t  i n f l u e n c e  n u c l e a r  r e s i d e n c y  of  HSF1 
( F i g u r e  11 A ) . P o l y p e p t i d e  s p e c i e s  e n c o d e d  by all m u t a n t s  had 
t h e  e x p e c t e d  m o l e c u l a r  mass  as j u d g e d  by a p r o t e i n  blot  
p r o b e d  wi th  an t i - HS F l  a n t i b o d y  ( F ig u r e  11 A ) . T h u s ,  two  
s e q u e n c e  e l e m e n t s  are r e q u i r ed  for n u c l e a r  i m p o r t  of  HSF1.  
T h e  first c o m p r i s e s  a c l u s t e r  of  t h r e e  bas ic  r e s i d u e s ,  KRK, at 
p o s i t i o n  2 0 6 - 2 0 8  and has a major  e f f e c t .  Th e  s e c o n d ,  15 
r e s i d u e s  a par t ,  i n c l u d e s  two non -c lu st ered bas ic  r e s i d u e s ,  K at 
p o s i t i o n  224  and R at p o s i t i o n  2 2 7 ,  h a v i n g  a m i n o r ,  but  yet  
d i s t i n c t  ro le .  It w o u l d  be i n t e r e s t i n g  to tes t  t h e  e f f ec t  of
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Figure 11. Characterization of the bipartite NLS of HSF1.
(A)Mutational analysis of  the NLS. Schematic representation of  mouse  
HSF1 with the position and the amino acid sequence of  the NLS 
(residues 203-230) .  The critical residues of  the NLS (basic cluster 206-  
KRK-208, K224 and R227) mutagenized to alanines are indicated by 
asterisks. Another basic cluster, 116-KRK-118, from the DNA-binding 
domain (previously indicated by Zuo et  al., 1993,  as the NLS in human  
HSF1) was also mutagenized to alanines.  The subcellular localization of  
indicated mutants was assayed by indirect immunof luorescence with 
anti-HSFl antibody and typical examples are shown along with 
corresponding histograms. The subcellular distribution was categorized 
according to the criteria described in Figure 10. Shown on the right is 
the immunoblot  on whole cell extracts. Endogenous HSF1 is below 
detection in the lane labelled "vector".
(B) The bipartite NLS of  HSF1 targets myc-tagged chicken pyruvate kinase 
(myc-PK) to the nucleus of  transiently transfected HeLa cells. 
Immunoblot shown on the right displays expressed species.  Note that 
myc-PK-HSFl(203-230) shows lower molecular weight with respect to 
myc-PK due to the deletion of  PK codons 444-531 by in-frame insertion 
of  the HSF1 NLS.
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c o m b i n e d  NLS m u t a t i o n s  on HSF1 s u b c e l l u l a r  l o c a l i z a t i o n  
( w o r k  in p r o g r e s s ) .  The  a m i n o - t e r m i n a l  b o u n d a r y  of  t h e  NLS
was  i n i t i a l l y  a rb i t r ar i l y  p l a c e d  at t he  r e s i d u e  198 and it was
f o u n d  that  t h e  r eg i o n  of  HSF1 e n c o m p a s s i n g  r e s i d u e s  19 8 - 2 3 0  
was  able  to g u i d e  a r e p o r t e r  c y t o p l a s m i c  p r o t e i n ,  m y c - t a g g e d  
c h i c k e n  p y r u v a t e  k i n a s e  ( my cP K)  ( M i c h a e l  e t  al . ,  1 9 9 5 )  to t h e  
n u c l e u s  ( d a t a  not  s h o w n ) .  T hi s  f u r t h e r  d e m o n s t r a t e d  t hat  
t h i s  r eg i on  of  HSF1 is a NLS, s i n c e  it works  wh e n  fused  to a 
h e t e r o l o g o u s  p r o t e i n .  F u r t he r  d e l e t i o n  up to r e s i d u e  203  did  
n o t  i n f l u e n c e  n u c l e a r  r e s i d e n c y  of  myc PK- HSF 1 ( 2 0 3 - 2 3 0 )  as 
s h o w n  in F i gure  1 1 B. Pr ot e i n  blot  s h o w n  in F i gure  11B
c o n f i r m s  t h a t  bot h  p r o t e i n s  h a v e  t h e  p r e d i c t e d  m o l e c u l a r  
m a s s ,  w h i c h  is r e d u c e d  for my c PK - H S F l  ( 1 9 8 - 2 3 0 )  in
c o m p a r i s o n  wi th myc PK,  s i n c e  i n - f r a m e  f u s i o n  of  HSF1 
f r a g m e n t  ( 2 0 3 - 2 3 0  wi th  a s top c o d o n )  to a K p n l  s i t e  in the  
c a r b o x y - t e r m  in u s o f  PK i n t e r r u p t s  t h e  r e a d i n g  frame of  PK by 
r e m o v i n g  t h e  c o d o n s  4 4 4 - 5 3 1 .
In c o n c l u s i o n ,  HSF1 c o n t a i n s  an NLS t ha t  can be d e f i n e d  
as b i p a r t i t e  s i n c e  it c o m p r i s e s  two m o d u l e s  c o n s i s t i n g  of  bas ic  
a m i n o  a c i ds .  H o w e v e r ,  it d i s p l a y s  c o n s i d e r a b l e  d e v i a t i o n  of  
t h e  s e q u e n c e  from t h e  c o n s e n s u s  of  t h e  c l a s s i c a l  b i p a r t i t e  NLS.  
F i r s t , 15,  i n s t e a d  of  10 r e s i d u e s  s e p a r a t e  two bas ic  m o d u l e s .  
S e c o n d l y ,  t h e  s e c o n d  m o d u l e  c o n t a i n s  two bas ic  r e s i d u e s  t hat  
are s e p a r a t e d  by a two a m i n o  acid i n s e r t i o n .  T h i r d ,  
m u t a t i o n a l  a n a l y s i s  s u g g e s t s  that  t h e  r e l a t i v e  c o n t r i b u t i o n  of  
t h e  two m o d u l e s  for n u c l e a r  t a r g e t i n g  d i f f e r s ,  w h i c h  d o e s  not  
s ee m to be t h e  case  for t h e  c l a s s i c a l  b i p a r t i t e  NLS, w h e r e  t h e s e  
m o d u l e s  f u n c t i o n  in t erd  ep en d en t l y . A s im i l a r  b i p a r t i t e  NLS
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w i t h  non  -can on i ca l  o r g a n i z a t i o n  was d e s c r i b e d  p r e v i o u s l y  in 
t h e  h u m a n  aryl  h y d r o c a r b o n  r e c e p t o r  n u c l e a r  
t ran s l o c a t o r / h yp o x i a - i n  d u c i b l e  fac tor  l a  p r o t e i n  ( E g u c h i  e t  
al . ,  1 9 9 7 ) .  Th i s  NLS also c o n t a i n s  two bas ic  m o d u l e s  s e p a r a t e d  
by 13 r e s i d u e s .  The  first m o d u l e  c o n t a i n s  t h r e e  c l u s t e r e d  
ba s i c  r e s i d u e s  ( l y s i n e ,  a r g i n i n e  and a r g i n i n e ) ,  w h e r e a s  the  
s e c o n d ,  l ike  in t h e  case  of  HSF1, c o n t a i n s  two n o n - c l u  s t e r e d  
ba s i c  r e s i d u e s  ( l y s i n e  s p a c e d  by two r e s i d u e s  from a r g i n i n e ) .  
By m u t a t i o n a l  a n a l y s i s  it was f o u n d  t hat  both  bas ic  r e s i d u e s  
from t h e  s e c o n d  m o d u l e  c o n t r i b u t e  to n u c l e a r  t a r g e t i n g .  
I n t e r e s t i n g l y ,  t h i s  NLS was f o u n d  to d r i v e  n u c l e a r  i m p o r t  
m e d i a t e d  by i m p o r t i n s  a  and (3 in in v i t r o  assay with  
p e r m e a b i l i z e d  c e l l s .  It w o u l d  be of  i n t e r e s t  to see w h e t h e r  the  
NLS of  HSF1 also u t i l i z e s  t h i s  i m p o r t  p a t h w a y .
As m e n t i o n e d  a b o v e ,  p r e v i o u s  work has i d e n t i f i e d  a basic  
c l u s t e r  at p o s i t i o n  116 to 118 in h u m a n  HSF1 to be NLS of  
HSF1 (Zuo  e t  al . ,  1 9 9 5 ) .  U s i n g  ce l l  f r ac t i on  a t i o n , t h e s e  a u t h o r s  
f o u n d  t h a t ,  HSF1 in w h i c h  t h e s e  r e s i d u e s  were  m u t a g e n i z e d  to 
a l a n i n e s  r e m a i n e d  in t h e  c y t o p l a s m  after heat  s h o c k .  The  
s a m e  g r o u p  also f o u n d  that  t h e  m u t a n t  HSF1 m i s s i n g  the  
b a s i c  c l u s t e r  at t he  p o s i t i o n  2 0 6 - 2 0 8  was tran scr ip  t i on  a l ly  
a c t i v e  on a r e p o r t e r  g e n e  in t r a n s f e c t e d  c e l l s .  T h e r e f o r e ,  t h e y  
c o n c l u d e d  that  t h e  bas ic  c l u s t e r  2 0 6 - 2 0 8  d o e s  not  p l ay  a role  
in d i r e c t i n g  HSF1 to t he  n u c l e u s .  The  d i s c r e p a n c y  b e t w e e n  
t h e  r e s u l t s  p r e s e n t e d  in t h i s  work and t h e  o n e s  o b t a i n e d  by 
Zuo  and c o w o r k e r s ,  c o u l d  be a t t r i b u t e d  to t h e  d i f f e r e n c e  in 
t h e  as says  u s e d ,  s i n c e  s u b c e l l u l a r  f r a c t i o n a t i o n ,  as d i s c u s s e d  
a b o v e ,  may not  re f l ec t  t h e  a c c u r a t e  d i s t r i b u t i o n  of  the
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p r o t e i n  in v i v o .  M o r e o v e r ,  t h e  e f f ec t  of  a m i n o  acid
s u b s t i t u t i o n s  of  t h e  bas ic  c l u s t e r  at p o s i t i o n  2 0 6 - 2 0 8 ,  
a l t h o u g h  it d o e s  not  rev e a l  the  c o n t r i b u t i o n  of  each r e s i d u e  
in n u c l e a r  t a r g e t i n g ,  c o n f i r m s  t h e  e f f ec t  on p r o t e i n
l o c a l i z a t i o n  in the  c o n t e x t  of  t h e  ful l  l e n g t h  HSF1. S i n ce  t h e  
r e g i o n  of  HSF1 ( 2 0 3 - 2 3 0 )  c o n t a i n i n g  t h e s e  r e s i d u e s  d r i v e s  the  
i m p o r t  of  t he  h e t e r o l o g o u s  p r o t e i n  m y c - P K  to t h e  n u c l e u s ,  
t h i s  c l e a r l y  s h o w s  t hat  t h i s  s e q u e n c e  is t h e  maj or  NLS in HSF1.  
I n t e r e s t i n g l y ,  a c o n s t i t u t i v e  NLS of  D r o s o p  h i l a  HSF has  been  
s h o w n  to be b i p a r t i t e  c o n t a i n i n g  two bas ic  c l u s t e r s  s e p a r a t e d  
by a s ho r t  l i n ke r  (Orosz  e t  al . ,  1 9 9 6 ) .  T hi s  NLS r e s i d e s  in the  
i n t e r n a l  r e g i o n  b e t w e e n  t h e  trim e r i z a t  i on  d o m a i n  and the  
c a r b o x y - t e r m i n a l  l e u c i n e  z i p p e r .  In a d d i t i o n ,  two b i p a r t i t e
NLSs h a v e  been f o u n d  in HSF2, a n o n - h e a t  s h o c k  r e s p o n s i v e  
m e m b e r  of  HSF f ami l y  in m a m m a l s  ( S h e l d o n  e t  al . ,  1993;
E r r a t u m ,  1 9 9 4 ) .
HSF1 is a shuttling protein
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In t h e  e x p e r i m e n t s  d e s c r i b e d  a b o v e ,  HSF1 h a s  been  
s h o w n  to h a v e  a p o t e n t i a l  for b i d i r e c t i o n a l  m o v e m e n t  
(n u c l e o c y  t o p  l asm ic s h u t t l i n g ) .  H o w e v e r ,  t h e  e x p e r i m e n t a l  
a p p r o a c h  used to r e ve a l  t h i s  b e h a v i o r  in i n t a c t  cel l  
( t r e a t m e n t  wi t h e n e r g y  p o i s o n s ) ,  a l t h o u g h  not  c a u s i n g  
i r r e v e r s i b l e  d a m a g e ,  was i m p a i r i n g  n o r m a l  ce l l  m e t a b o l i s m .  To 
s h o w  n u c l e o c y t o p  l asm ic s h u t t l i n g  by an i n d e p e n d e n t  m e t h o d  
t r a n s i e n t  i n t e r s p e c i e s  h e t e r o k a r y  on s were  us ed  ( F i g ur e  12) .  
T h i s  m e t h o d  i n v o l v e s  t he  f o r ma t i o n  of  h y b r i d s  by 
p o l y e t h y l e n e  g l y c o l  (PEG) f u s i on  of  ce l l s  e x p r e s s i n g  a cer t a i n  
n u c l e a r  p r o t e i n  wi th o t h e r  ce l l s  d e v o i d  of  t h i s  p r o t e i n . The  
t r a n s f e r  of  t he  p r o t e i n  from o n e  n u c l e u s  to a n o t h e r ,  in 
c o n d i t i o n s  were  d e  n o v o  p r o t e i n  s y n t h e s i s  is b l o c k e d ,  
d e m o n s t r a t e s  t h e  t r ans i t  of  t h e  p r o t e i n  t h r o u g h  t he  
c y t o p l a s m  (Borer e t  al . ,  1989;  Po we l l  and Burke ,  1990;  
Gu ich on -Man te l  e t  al . ,  1 9 9 1 ) .  Th i s  assay has  been w i d e l y  used  
in t h e  f i eld of  nu c l e o c y  t op l asm ic t r a n s p o r t  for d i f f e r e n t  k i n d s  
o f  p r o t e i n s  i n c l u d i n g  n u c l e o l a r  p r o t e i n s  (Borer  e t  al . ,  1 9 8 9 ) ,  
t r a n s c r i p t i o n  f ac t ors  (Gau ch o n - Ma n  te l  e t  al . ,  1 991 ;  St o m m el  e t  
al . ,  1 9 9 8 ) ,  RNA- bi n d in g p r o t e i n s  ( Mi c h a e l  e t  al . ,  1995  ; Mi c h a e l  
e t  al . ,  1997  ; Càceres  e t  al . ,  1 9 9 7 )  or vi ral  r e g u l a t o r y  p r o t e i n s  
( M e y e r  and Ma l i m,  1994  ; D o b b e l s t e i n  e t  al . ,  1 9 9 7 ) .  T h u s ,  HeLa 
c e l l s  e x p r e s s i n g  e n d o g e n o u s  HSF1 were  f used  wi th m o u s e  
e m b r y o n i c  f i b r o b l a s t s  (HSF1 -/ -) d e r i v e d  from HSF1 n u l l  mi c e  
( M c M i l l a n  e t  al . ,  1 9 9 8 )  and t h e r e f o r e  d e v o i d  of  HSF1.  
T r e a t m e n t  wi th cy c l o h  ex i m id e p r e v e n t e d  n e o - s y n t h e s i s  of
HeLa cell mouse cell
Polyethyleneglycol
fusion
T3
E
o
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Figure 12. To assay nucleocytoplasmic shuttling ability of a protein of interest, HeLa cells 
expressing the protein were fused with mouse fibroblasts devoided of the protein by treat­
ment with polyethilene glycol. After the incubation at 37°C for a certain time in the pres­
ence of the protein synthesis inhibitor cycloheximide (LOO^g/ml), the heterokaryons were 
fixed and subjected to immunofluorescence. Two possible outcomes of such an experiment 
are shown: (A) The appearance of the protein the mouse nucleus indicates internuclear 
transfer, demonstrating that the protein is the shuttling protein. The shuttling protein 
eventually equilibrates between the nuclei of the heterokary on (shown as an equal gray 
intensity). (B) In contrast, if no signal can be detected in the mouse nuclei, the protein is 
confined to the nucleus of HeLa cell. The heterokaryons were delineated by staining of the 
cytoplasm  with hum an-specific m onoclonal anti-cytokeratin  18 antibody, anti-p 
galactosidase antibody in case when mouse cells expressing cytoplasmic p galactosidase 
were used or by staining of act in with phalloidin. Mouse nuclei were distinguished by spe­
cific dotted pattern of DNA staining with Huorescent dye Hoechst 33258.
u
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HSF1 and 4 h o u r s  p o s t - f u s i o n  HSF1 d i s t r i b u t i o n  was a n a l y z e d  
by i m m u n o c y t o c h e m i s t r y .  Mo u s e  n u c l e i  were  i d e n t i f i e d  by 
f l u o r e s c e n t  s t a i n i n g  of  t h e i r  s a t e l l i t e  DNA wi th H o e c h s t  33 25 8 
( Borer  e t  al . ,  1 9 8 9 ) ,  wh i l e  t he  s t a i n i n g  of  t h e  c y t o p l a s m  wi th a 
h u m a n  -sp e c i f i c  a n t i - c y t o k e r a t i n  18 m o n o c l o n a l  a n t i b o d y  was  
u s e d  to d e l i n e a t e  f used ce l l s .  To r i g o r o u s l y  i n v e s t i g a t e  
in t ern u c l e a r  m i g r a t i o n  , im m u n os t  ain in g was p e r f o r m e d  wi th  
t h r e e  d i f f e r e n t  a n t i - HS F l  a n t i b o d i e s ,  all m e n t i o n e d  above :  
a n t i - w h o l e  m o l e c u l e ,  a nt i - C term end p e p t i d e  and Mab 
( e p i t o p e :  3 7 8 - 4 0 7 ) .  As s h o w n  in Fi gure  13,  HSF1 s t a i n i n g
i n t e n s i t y  was s i mi l a r  in m o u s e  and h u m a n  n u c l e i  4 h o u r s  
p o s t - f u s i o n .  N o n - f u s e d  m o u s e  c e l l s  were  not  s t a i n e d  a b o v e  
b a c k g r o u n d .  I n t e r n u c l e a r  t r ans f e r  was d e t e c t e d  in v i r t u a l l y  all  
h e t e r o k a r y o n s  i n s p e c t e d ,  b e i n g  bare l y  d e t e c t a b l e  1 h o u r  pos t  
f u s i o n  and r e a c h i n g  a p p a r e n t  in t ern u c l ear  e q u i l i b r a t i o n  in 
- 5 0 %  of  h e t e r o k a r y o n s  4 h o u r s  p o s t - f u s i o n .  The  r e s u l t s  were  
e s s e n t i a l l y  t he  s ame  for h e t e r o k a r y o n s  s t a i n e d  wi t h  t h e  o t h e r  
t w o  a n t i - HS F l  a n t i b o d i e s ,  ant i  C- term end or Mab ( d a t a  not  
s h o w n ) .  Th i s  e x p e r i m e n t  y i e l d e d  t he  c o n c l u s i o n  t hat  HSF1 is 
n o t  c o n f i n e d  w i t h i n  t he  n u c l e u s  but  r a t her  s h u t t l e s  
c o n t i n u o u s l y  b e t w e e n  t he  n u c l e u s  and t he  c y t o p l a s m ,  
i m p l y i n g  a d y n a m i c  b e h a v i o u r  of  HSF1 in t he  cel l :  t he  p r o t e i n  
c o n s t a n t l y  m o v e s  b e t w e e n  two c o m p a r t m e n t s ,  but  is at s t e a d y  
s t a t e  a c c u m u l a t e d  in t he  n u c l e u s .  D y n a m i c  b e h a v i o r  of  
p r o t e i n s  t hat  are h i g h l y  c o m p a r t m e n t a l i z e d  ( n u c l e a r )  at 
s t e a d y  s t a t e ,  is not  a u n i q u e  f e a t u r e  of  HSF1. In r e s p e c t  to t he  
c l a s s  of  p r o t e i n s  HSF1 b e l o n g s  to ( t r a n s c r i p t i o n  f a c t o r s ) ,  t h i s  
f e a t u r e  was, u s i n g  h e t e r o k a r y  on as says ,  d e s c r i b e d  for two
Figure 13
Figure 13. Nucleocytoplasmic shuttling of endogenous HSF1 in 
transient interspecies heterokaryons.
Heterokaryons were formed between HeLa cells and HSF1 null fibroblasts  
and 4 hours post-fusion stained with anti-HSFl polyclonal antibody (anti­
whole molecule). The arrows point to the mouse nuclei .
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o t h e r  n u c l e a r  p r o t e i n s :  p r o g e s t e r o n e  r e c e p t o r  (Gau ch on -
M a n t e l  e t  al . ,  1 9 9 1 )  and p5 3 (Mi d d 1er e t  a / . , 1 9 9 7 ;  S t o m m e l  e t  
al . ,  1 9 9 9 ) .  N u c l e o c y t o p l a s m i c  s h u t t l i n g  was al so d e m o n s t r a t e d  
for t h e  g l u c o c o r t i c o i d  r e c e p t o r  (Mad en and De F r a n c o ,  1 9 9 3 ) ,  
a l t h o u g h  t h i s  p r o t e i n ,  wh e n  u n l i g a n d e d ,  is u s u a l l y  l o c a l i z e d  
in t he  c y t o p l a s m  (Pi card and Y a m a m o t o ,  1 9 8 7 ) .  Wh i l e  in t he  
c as e  of  p r o g e s t e r o n e  and g l u c o c o r t i c o i d  r e c e p t o r s ,  t he
f u n c t i o n a l  s i g n i f i c a n c e  of  t h i s  p h e n o m e n o n  r e m a i n s  o b s c u r e ,  
it has  been h y p o t h e s i z e d  t hat  n u c l e o c y t o p l a s m i c  s h u t t l i n g  of  
p 5 3 is e s s e n t i a l  for i ts t u r n o v e r  ( Rot h  e t  al . ,  1 9 9 8 ) .
C o n s i d e r i n g  HSF1, n u c l e o c y t o p l a s m i c  s h u t t l i n g  d e s c r i b e d  in 
t h i s  work is a n o v e l  p r o p e r t y  of  t h i s  t r a n s c r i p t i o n  f ac t or ,  
k n o w n  to r e g u l a t e  s t r e s s - i n d u c e d  e x p r e s s i o n  of  c y t o p l a s m i c  
and  n u c l e a r  c h a p e r o n e s  in m a m m a l i a n  ce l l s .  The  c o n t i n u o u s  
c y c l i n g  b e t w e e n  t h e s e  t wo c o m p a r t m e n t s  at p h y s i o l o g i c a l  
t e m p e r a t u r e  s u g g e s t s  an a d d i t i o n a l  l e v e l  at w h i c h  t h i s
p r o t e i n  o p e r a t e s  in t he  ce l l  and s e ve r a l  p o s s i b l e  i m p l i c a t i o n s  
for i ts rol e .  T h e s e  p o s s i b i l i t i e s  are d i s c u s s e d  in d e t a i l  b e l o w.
In t h e  e x p e r i m e n t s  p r e s e n t e d  a b o v e ,  HSF1 was s h o w n  to 
s h u t t l e  c o n t i n u o u s l y  b e t w e e n  t he  n u c l e u s  and t he  c y t o p l a s m  
at 37 °C. One  n e c e s s a r y  c o n t r o l  e x p e r i m e n t  was to c h e c k  
w h e t h e r  s h u t t l i n g  is i n d u c e d  by t h e  e x p e r i m e n t a l  p r o t o c o l  
u s e d  i.e.  PEG or c y c l o h e x i m i d e  t r e a t m e n t .  For t h i s ,  n u c l e a r  
t r a n s c r i p t i o n  f ac tor  c/ EPB-cx, a m e m b e r  of  t he  m a m m a l i a n  
CCAAT/ E n h a n c e r - b i n d i n g  p r o t e i n  f a mi l y  (Lekst  r o m- H i m es  and  
Xan th op ou l os ,  1 9 9 8 ) ,  was a n a l y z e d  in t he  h e t e r o k a r y  on assay.  
HeLa c e l l s  o v e r e x p r e s s i n g  t r a n s i e n t l y  c / EBP- a - GFP were fused  
wi t h  m o u s e  3T3 d e r i v a t i v e s  ( "G2b2" ) s t a b l y  e x p r e s s i n g  (3-
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Figure 14. c/EBPa-GFP is confined to the nucleus.
Heterokaryons between HeLa cells transiently overexpressing c/EBPa-GFP 
and "G2b2" mouse fibroblasts were analyzed 30 min or 2 hours post­
fusion. The arrows point to the mouse nuclei.
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g a l a c t o s i d a s e  in t he  c y t o p l a s m .  U n l i k e  HSF1, c/ EBP-oc t e s t e d  
n e g a t i v e  for in t ern u c l e a r  t r ans f e r  in mo s t  of  t he  
h e t e r o k a r y o n s  o b s e r v e d  30 mi n or 2 h o u r s  po s t  f u s i o n  ( Fi gur e  
1 4) .  In a few h e t e r o k a r y o n s  a s i g n a l  in m o u s e  n u c l e i  was  
b a r e l y  a b o v e  t he  b a c k g r o u n d  l e v e l  and did no t  seem to
i n c r e a s e  over  t i me .  From t h i s  e x p e r i m e n t  it can be c o n c l u d e d  
t h a t  e x p e r i m e n t a l  c o n d i t i o n s  or p r o t e i n  o v e r e x p r e s s i o n  p e r  se 
d o  not  i n d u c e  s h u t t l i n g .
H e t e r o k a r y  on e x p e r i m e n t s  r eve a l  a d y n a m i c  b e h a v i o r  of
HSF1 in a p p a r e n t  a b s e n c e  of  s t res s  s t i m u l i ,  wh e n  HSF1 is
m a i n t a i n e d  in an i n a c t i v e ,  m o n o m e r i c  s t a t e .  Th i s  d y n a m i c  
b e h a v i o u r  is al so o b s e r v e d  for a GFP-HSF1 c h i m e r a ,  w h o s e  
s t a t e  was p r o p e r l y  m a i n t a i n e d  u p o n  t r a n s i e n t  e x p r e s s i o n  in
HeLa ce l l s  ( F i g u r e  9C) .  GFP-HSF1 s h o w e d  in t ern u c l ear  t rans f er  
in h e t e r o k a r y  on as says  wi t h k i n e t i c s  s i mi l a r  to t he  
e n d o g e n o u s  p r o t e i n , r e a c h i n g  a p p a r e n t  in t ern u c l ear  
e q u i l i b r a t i o n  4 h o u r s  p o s t - f u s i o n  ( F i g ur e  15 A ) . Th i s  s i t u a t i o n  
was  o b s e r v e d  in - 5 0 %  of  h e t e r o k a r y o n s  t hat  s cor e d p o s i t i v e  
for s h u t t l i n g  ( 89%) .  U n l i k e  e n d o g e n o u s  p r o t e i n ,  
o v e r e x p r e s s e d  HSF1 was c l ea r l y  d e t e c t e d  in m o u s e  n u c l e i  at 
e ar l i e r  t i me  p o i n t s ,  2 h o u r s  ( F i g ur e  15 A) or 30 mi n p o s t ­
f u s i o n  ( Fi g ur e  1 5 B ) . Two h e t e r o k a r y o n s  i l l u s t r a t e  t he  r ang e  of  
s i g n a l  o b s e r v e d  in r e c i p i e n t  n u c l e i  of  mo s t  of  t he  
h e t e r o k a r y o n s  i n s p e c t e d  for 30 min t i me  p o i n t .  T h e r e f o r e ,  
GFP-HSF1 a l l o ws  an a n a l y s i s  of  in tern u c l e a r  t r ans f e r  at earl y  
t i m e  p o i n t s ,  w h i c h  is not  p r a c t i c a l  wi t h e n d o g e n o u s  HSF1 d u e  
to i ts  l ow a b u n d a n c e .  The  use  of  GFP-HSF1 also ma k e s  it 
p o s s i b l e  to e x a m i n e  s h u t t l i n g  d u r i n g  heat  s t res s  w i t h o u t
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Figure 15. Nucleocy to plasm ic shuttling of GFP-HSF1 is
regulated by heat shock.
(A)Nucleocytoplasmic shuttling of GFP-HSF1 chimera detected 4 hours or 
2 hours post-fusion.
(B) Heat shock reversibly blocks nucleocytoplasmic shuttling of  GFP-HSF1. 
After cell fusion, the heterokaryons are incubated at 31X1 for 30 min,  
or heat shocked at 4 2 <G for 30 min,  or heat shocked and then 
recovered at 3 7 <C for 30 min.  Two heterokaryons shown for 30 min 
time point represent typical examples for a range of internuclear 
transfer observed. The arrows point to the mouse nuclei.
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p r o l o n g e d  i n c u b a t i o n s .  For t h i s ,  h e t e r o k a r y o n s  were  
i m m e d i a t e l y  af ter f u s i o n  s u b j e c t e d  to 4 2 °C for 30 m i n , 
f o l l o w e d  by f i xa t i on  and im m u n ost  ain in g . As s h o w n  in F igure  
15 B, in t ern u c l ear  t r ans f e r  of  GFP-HSF1 is i m p a i r e d ,  s i n c e  no  
s i g n a l  can be d e t e c t e d  in m o u s e  n u c l e i .  Th i s  s i t u a t i o n  was  
s een  in 93% of  h e t e r o k a r y o n s  i n s p e c t e d .  Thi s  e x p e r i m e n t  was  
al so  d o n e  in a s l i g h t l y  d i f f e r e n t  w a y , wi th He La/ G2 b 2  
c o c u l t u r e s  b e i n g  heat  s h o c k e d  at 42 °C for 30 min pr i or  to 
f u s i o n ,  af ter wh i c h  t he  heat  s h o c k  was c o n t i n u e d  for an 
a d d i t i o n a l  30 m i n ,  g i v i n g  i d e n t i c a l  r e s u l t s  ( d a t a  not  s h o w n ) .  
T h i s  b l o c k  of  in t ern u c l ear  t rans f er  is h o w e v e r  r e v e r s i b l e :  if 
h e a t  s h o c k e d  h e t e r o k a r y o n s  are s h i f t e d  back to 3 7 °C for 30 
m i n  s h u t t l i n g  is d e t e c t e d  in t he  m a j o r i t y  of  h e t e r o k a r y o n s  
( 6 0 %) ,  as s h o w n  by a r e p r e s e n t a t i v e  im m u n os t  ain in g in F igure  
15B.  T h u s ,  t h e  b l o c k  of  n u c l e o c y t o p l a s m i c  s h u t t l i n g  of  GFP- 
HSF1 seen d u r i n g  t he  heat  s h o c k  c o r r e l a t e s  wi th t he  m o n o m e r  
t o  o l i g o m e r  t r a n s i t i o n  ( s h o w n  in Fi gur e  9C) .  In a d d i t i o n ,  
s h u t t l i n g  r e s u m e d  d u r i n g  r e c o v e r y  wh e n  GFP-HSF1 d i s s o c i a t e s  
t o  its i n a c t i v e  form ( Fi gur e  9C) .  To e x c l u d e  t he  p o s s i b i l i t y  
t h a t  t he  a b s e n c e  of  GFP-HSF1 s i g n a l  in m o u s e  n u c l e i  is d u e  to 
t h e  a t t e n u a t i o n  of  t he  GFP ch rom op h ore  d u r i n g  t he  heat  
s h o c k ,  a c o n t r o l  e x p e r i m e n t  was p e r f o r m e d  u s i n g  c l o n e  36 
c e l l s ,  in w h i c h  non  - t a g g e d  HSF1 ( “T e t - O f f ’HSFl  ) is also  
p r o p e r l y  r e g u l a t e d  ( F i g ur e  7C) .  At 37 °C, HSF1 was d e t e c t e d  in 
n u c l e i  of  HSF1 -/ - f i b r o b l a s t s  60 mi n p o s t - f u s i o n  in mos t  
h e t e r o k a r y o n s  ( 94%)  ; after 4 h o u r s  t h e  s i g n a l  r e a c h e d  an 
a p p a r e n t  e q u i l i b r i u m  d i s t r i b u t i o n  in - 5  0% ( F i g u r e  16) .  
T h e r e f o r e ,  "Tet-Off" HSF1 b e h a v e s  l i ke  e n d o g e n o u s  HSF1 and
hours
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Figure 16. Heat shock regulates nucleocytoplasmic shuttling of 
stably expressed HSF1.
Heterokaryons between clone 36 cells and HSF1 null fibroblasts were 
maintained at 3 7 T  for 1 hour or 4 hours,  or heat shocked at A2°C for 1 
hour. The arrows point to the mouse nuclei.
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t r a n s i e n t l y  e x p r e s s e d  GFP-HSF1, wi th t he  s i mi l a r  k i n e t i c s  of  
in t ern u c l ear  t r ans f e r .  In h e t e r o k a r y o n s  s u b j e c t e d  to heat  
s h o c k  at 42 °C for 60 mi n ,  in t ern u c l ear  t r a ns f e r  of  "Tet-Off"  
HSF1 was b l o c k e d  in 85 % of  cases ,  as s h o w n  in a 
r e p r e s e n t a t i v e  e x a m p l e  in F igu re  16.  In a d d i t i o n ,  s i n c e  heat  
s h o c k  in t he  case  o f  c l o n e  36 c e l l s  was p e r f o r m e d  for 60 mi n ,  
t h i s  ma k e s  it u n l i k e l y  t hat  t he  a b s e n c e  of  in t ern u c l ear  
t r a n s f e r  is d u e  to a d e l a y  of  s h u t t l i n g ,  at l east  w i t h i n  t he  
t i m e  f rame e x a m i n e d  ( 30  and 60 m i n ) .  C l e a r l y , u n d e r  t he  
c o n d i t i o n s  of  heat  s t res s  whe n  HSF1 is c o n v e r t e d  to i ts  a c t i v e  
f o r m , n u c l e o c y t o p l a s m i c  s h u t t l i n g  is b l o c k e d .  Th i s  b l o c k  is,  
h o w e v e r ,  r e v e r s i b l e  s i n c e  s h u t t l i n g  r e s t o r e s  d u r i n g  r e c o v e r y .
Heat  s h o c k  has  been r e p o r t e d  p r e v i o u s l y  to b l o c k  t he  
e x p o r t  of  mRNAs  from t he  n u c l e u s  in y e a s t , wi t h t he  
e x c e p t i o n  of  mRNAs  for c er t a i n  heat  s h o c k  p r o t e i n s  ( S a a v e d r a  
e t  al . ,  1 9 9 6 ;  Sa a v e d r a  e t  al . ,  1 9 9 7 ) .  H o w e v e r ,  t h e r e  are no dat a  
c o n c e r n i n g  t h e  e f fe c t  o f  heat  s h o c k  on n u c l e o c y t o p l a s m i c  
s h u t t l i n g  of  p r o t e i n s ,  n e i t h e r  in yeas t  nor  m a m m a l s .  
I n t e r e s t i n g l y ,  heat  s h o c k  s e e ms  to s p e c i f i c a l l y  r e g u l a t e  
n u c l e o c y t o p l a s m i c  s h u t t l i n g  of  HSF1, but  not  of  a n o t h e r  
t r a n s c r i p t i o n  f ac t or  u n r e l a t e d  to HSF1. CREMx is a m e m b e r  of  
t h e  CREM f ami l y  of  m a m m a l i a n  t r a n s c r i p t i o n  f a c t or s  wh i c h  
m e d i a t e s  t r a n s c r i p t i o n a l  r e s p o n s e  i n d u c e d  by e l e v a t e d  l e v e l s  
o f  cAMP ( Sasson e - Co r s i ,  1 9 9 5 ) .  Both He La and G2 b2  ce l l s  
s t a i n e d  wi th an t i-CREM a n t i b o d y  s h o w e d  an u n d e t e c t a b l e  
l e v e l  of  e n d o g e n o u s  p r o t e i n  ( d a t a  not  s h o w n ) .  Th i s  a l l o we d  
u s  to trace  t h e  b e h a v i o u r  of  o v e r e x p r e s s e d  CREMx in t he  
h e t e r o k a r y  on assay.  Like HSF1, CREMx s h o w e d  s h u t t l i n g  in t he
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hours : 3  1
Figure 17. Nucleocytoplasmic shuttling of CREMx is refractory 
to heat shock.
Heterokaryons between HeLa cells transiently overexpressing CREMx and 
"G2B2" fibroblasts were incubated at either 3 7 T  for 3 hours or at 42<€ for 
1 hour. CREMx was detected with polyclonal ant i-CREM a n t i b o d y .  The  
a rrow s  p o in t  to th e  m o u s e  n u c le i .
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m a j o r i t y  of  t h e  h e t e r o k a r y o n s  i n s p e c t e d ,  t he  s i g n a l  r e a c h i n g  
an a p p a r e n t  in t ern u c l ear  e q u i l i b r i u m  3 h o u r s  p o s t  f u s i on  
( F i g u r e  17) .  In c o n t r a s t  to HSF1, in t ern u c l ear  t r ans f e r  was  
m a i n t a i n e d  in t he  ma j o r i t y  of  h e t e r o k a r y o n s  i n c u b a t e d  at 
4 2 °C for 1 h o u r  ( F i g ur e  17) .  Th i s  r e s u l t  s u g g e s t s  t hat  
n u c l e o c y t o p l a s m i c  s h u t t l i n g  c o m p e t e n c e  is s t i l l  f u n c t i o n a l  
u n d e r  t h e  c o n d i t i o n s  of  mi l d  heat  s h o c k  u s e d .  T h e r e f o r e ,  t he  
b l o c k  of  HSF1 s h u t t l i n g  at 4 2 °C may not  be d u e  to t h e  g e n e r a l  
i n h i b i t i o n  of  t r a n s p o r t  c o m p e t e n c e .  Rat he r ,  it s e e ms  to be 
s p e c i f i c  for a c t i v e ,  trim er i c  HSF1. Th i s  c o u l d  be d u e  e i t h e r  to 
b i n d i n g  to c h r o m a t i n ,  or to t he  fact t hat  t he  s e q u e n c e ( s )  
d i r e c t i n g  t he  e x p o r t  of  HSF1 are bur i e d  in t h e  o l i g o m e r ,  or 
b o t h .  Cl e ar l y ,  to d i s t i n g u i s h  b e t w e e n  t h e s e  p o s s i b i l i t i e s ,  
f u r t h e r  e x p e r i m e n t s  are n e c e s s a r y  (see  D i s c u s s i o n ) .
To gain f u r t h e r  i n s i g h t  i n t o  t h e  r e l a t i o n  b e t w e e n  t he  
o l i g o m e r i c  s t a t e  of  HSF1 and i ts s h u t t l i n g  a b i l i t y ,  two
m u t a t i o n s  t hat  ma k e  HSF1 con s t i t u  t i v e l y  o l i g o m e r i c  were  
t e s t e d  in t he  h e t e r o k a r y o n  assay.  As d e s c r i b e d  a b o v e  ( Fi gure  
9C)  t h e s e  m u t a t i o n s  c o n s i s t  of  a s i n g l e  a m i n o  acid
s u b s t i t u t i o n ,  H1 7 9 R,  or t r i p l e  s u b s t i t u t i o n
M3 8 7 K/ L3 9  1 A / L 3 9 4  A, w h i c h  d e r e p r e s s  o l i g o m e r i z a t i o n .  In t h i s  
wa y ,  t h e  o l i g o m e r i c  s t a t e  of  HSF1 can be a l t e r ed  at 
p h y s i o l o g i c a l  t e m p e r a t u r e  t h u s  m i m i c k i n g  h e a t - i n d u c e d  
o l i g o m e r i z a t i o n .  I n t e r e s t i n g l y ,  bot h m u t a t i o n s  i mp a i r  
s h u t t l i n g  at 37 °C ( Fi g ur e  18) .  In t he  case  o f  t h e  H1 7 9 R
m u t a n t ,  in t ern u c l ear  t rans f e r  was b l o c k e d  in 89 % of  t he  
h e t e r o k a r y o n s  i n s p e c t e d  30 min p o s t - f u s i o n ,  w h e r e a s  2 h o u r s  
p o s t - f u s i o n  68% of  h e t e r o k a r y o n s  s cored n e g a t i v e  for
Figure 18
H 179R  K 38
hours; 0.5  2_____  0.5 2
'------------------------------------37 °C
Figure 18. Nucleocytoplasmic shuttling is impaired for 
constitutively oligomeric HSF1.
Heterokaryons between HeLa cells transiently overexpressing oligomeric 
HSF1 mutants (GFP-HSF1: H179R or K 3 8 7 /A 3 9 1 / A394) and "G2b2" 
fibroblasts were maintained at 3 7 <€  for 30 min or 2 hours. The arrows 
point to the mouse nuclei.
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in t ern u c l e a r  t r ans f e r .  S i mi l ar  b e h a v i o r  was o b s e r v e d  for 
M 3 8 7 K / L 3 9 1 A / L 3 9 5 A .  In t h i s  case ,  s h u t t l i n g  was b l o c k e d  in 
8 8% and 81% of  h e t e r o k a r y o n s  30 mi n or 2 h o u r s  p o s t - f u s i o n  
r e s p e c t i v e l y  ( Fi g ur e  18) .  For bot h m u t a n t s ,  a f r ac t i on  of  
h e t e r o k a r y o n s  s cored  we a k l y  p o s i t i v e  for i n t e r n u c l e a r  t rans f er  
p r e s u m a b l y  d u e  to s h u t t l i n g  of  a r e s i d u a l  m o n o m e r i c  f r a c t i o n . 
T h i s  b e h a v i o u r  was r e p r o d u c i b l y  seen in s e v e r a l  e x p e r i m e n t s .  
S i n c e  bot h heat  s h o c k  and m u t a t i o n s  t hat  c o n v e r t  HSF1 to i ts  
a c t i v e ,  o l i g o m e r i c  form i m p a i r e d  s h u t t l i n g ,  t h i s  s t r o n g l y  
s u g g e s t s  t hat  it is t h e  i n a c t i v e ,  m o n o m e r i c  form of  HSF1 to be 
s u b j e c t e d  to c o n t i n u o u s  m o v e m e n t  b e t w e e n  c o m p a r t m e n t s .  
Wh y  d o e s  o l i g o m e r i c  HSF1 not  s h u t t l e ?  As m e n t i o n e d  a bo v e ,  
HSF1 o l i g o m e r  p o s s e s s e s  h i g h  a f f i n i t y  for b i n d i n g  to HSEs in 
c h r o m a t i n  and c o u l d  be r e t a i n e d  in t he  n u c l e u s  d u r i n g  heat  
s h o c k .  A l t e r n a t i v e l y ,  o l i g o m e r s  are not  a c c e s s i b l e  to t he  
e x p o r t  m a c h i n e r y  d u e  to a c o n f o r m a t i o n a l  c h a n g e ,  wh i c h  
h i d e s  s i g n a l s  r e q u i r e d  for n u c l e a r  e x p o r t  a c t i v i t y .  T h e s e  two  
p o s s i b i l i t i e s  are no t  m u t u a l l y  e x c l u s i v e .  Con s t i t u  t i v e l y  
o l i g o m e r i c  m u t a n t s  c o u l d  b e h a v e  in t h e  s ame  way b e i n g  
r e t a i n e d  in t he  n u c l e u s  at 37 °C. A l t e r n a t i v e l y ,  t he  
s u b s t i t u t i o n s  t hat  d e r e p r e s s  o l i g o m e r i z a t i o n  may in a c t i v a t e  
o v e r l a p p i n g  s e q u e n c e  e l e m e n t s  r e q u i r e d  for n u c l e a r  e x po r t  
a c t i v i t y ,  w h i c h  are p o s i t i o n e d  in two p h y s i c a l l y  s e p a r a t e d  
p r o t e i n  d o m a i n s  ( t r i m e r i z a t i o n  d o m a i n  and l e u c i n e  z i p p e r  4) .  
From t h e  m e c h a n i s t i c  p o i n t  of  v i e w,  it can be i n f er r ed  from 
t h e  h e t e r o k a r y o n  assay t hat  t h e  b l o c k  of  s h u t t l i n g  of  HSF1 
o b s e r v e d  d u r i n g  heat  s h o c k ,  or of  o l i g o m e r i c  m u t a n t s  at 
n o r m a l  g r o wt h  t e m p e r a t u r e ,  is p r o b a b l y  d u e  to t h e  b l o c k  of
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e x p o r t .  In bot h  cases  HSF1 n e i t h e r  a p p e a r e d  in t he  m o u s e  
n u c l e i ,  n e i t h e r  di d it was a c c u m u l a t e d  in t he  c y t o p l a s m  of  
t h e  h e t e r o k a r y o n s .
T h e  o u t l i n e  of  t he  s h u t t l i n g  b e h a v i o u r  of  HSF1, 
e n d o g e n o u s  or o v e r e x p r e s s e d  is s h o w n  in F ig u re  19.  The  
h i s t o g r a m s  s u m m a r i z e  r e s u l t s  of  ma n y  e x p e r i m e n t s  in wh i c h  
HSF1 was t e s t e d  for i n t e r n u c l e a r  t r ans f e r  in t r a n s i e n t  
h e t e r o k a r y o n s .  For each form of  HSF1, > 1 0 0  h e t e r o k a r y o n s  
we r e  s cored  by v i s u a l  i n s p e c t i o n  af ter i m m u n o f l u o r e s c e n c e  
s t a i n i n g .  D u r i n g  t he  c o u r s e  of  t h i s  work,  an i n t e r e s t i n g  
b e h a v i o u r  of  t he  GFP-HSF1 :Al 6 0 - 1 7 2  m u t a n t  was d e t e c t e d  in 
t h e  h e t e r o k a r y o n  assay.  Th i s  m u t a n t  c o u l d  be us e d  to f ind  
o u t  w h e t h e r  t h e  b l o c k  of  s h u t t l i n g  at 42°C o c c u r s  e ven  whe n  
HSF1 is u n a b l e  to o l i g o m e r i z e .  I n s t e a d ,  t h i s  m u t a t i o n  c a u s e d  a 
c o n s i d e r a b l e  d e l a y  of  in t ern u c l ear  t r a ns f e r  at 37 °C. T h e
s i g n a l  in t h e  r e c i p i e n t  n u c l e u s  2 or 4 h o u r s  p o s t - f u s i o n  was  
r o u g h l y  c o m p a r a b l e  wi t h t he  s i g n a l  o b s e r v e d  in t h e  ma j o r i t y  
o f  h e t e r o k a r y o n s  wi th GFP-HSF1 w t , 30 mi n p o s t - f u s i o n  ( Fi gure  
2 0 ) .  Th i s  s u g g e s t s  t hat  r e s i d u e s  1 6 0 - 1 7 2  may  d i r e c t l y  or
i n d i r e c t l y  p a r t i c i p a t e  in t h e  n u c l e a r  e x p o r t  a c t i v i t y  of  HSF1. 
It is i n t r i g u i n g  t hat  t h i s  m u t a t i o n  fal l s  in t he  s ame  r e g i o n  of  
HSF1 ( t r i m e r i z a t i o n  d o m a i n )  as t he  o t h e r  m u t a t i o n  d e s c r i b e d  
a b o v e ,  H1 7 9 R,  wh i c h  i m p a i r e d  t he  s h u t t l i n g  a b i l i t y  of  HSF1 
m o r e  s e v e r e l y ,  but  al so has  t he  o p p o s i t e  p h e n o t y p e  wi th
r e s p e c t  to t he  Al  6 0 - 1 7 2  m u t a n t ,  in t hat  it ma k e s  HSF1
o l i g o m e r i c .  W h e t h e r  or not  t h i s  is d u e  to t he  p r e s e n c e  of  t he  
s e q u e n c e  r e s p o n s i b l e  for n u c l e a r  e x p o r t  a c t i v i t y  of  HSF1 in 
t h e  t r i m e r i z a t i o n  d o m a i n  is c u r r e n t l y  u n d e r  i n v e s t i g a t i o n .
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Figure 19. Sum m ary of the shuttling behavior o f HSFI in the 
heterokayon assay. The histogram s represen t results of scoring 
>100 heterokaryons of e ither endogenous and  stably expressed 
HSFI (show n  in  g ray ) o r  t r a n s ie n t ly  e x p re s se d  GFP-HSF1 
chim eras (shown in green). At 4 hours post-fusion, an  apparen t 
i n t e r n u c l e a r  e q u i l i b r a t i o n  w a s  o b s e r v e d  i n  5 0 %  o f  
h e t e r o k a r y o n s  ( s h o w n  as  a d a s h e d  a r e a  o f  r e s p e c t i v e  
histogram s).
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Figure 20. Nucleocytoplasmic shuttling is delayed for HSFI 
lacking a region (amino acids 160-172) of the trimerization 
domain.
H eterokaryons  between HeLa cells trans ient ly  overexpress ing  GFP- 
HSF1 :A160-172 and "G2b2" fibroblasts were main ta ined  at 37T! for 2 
ho u rs  or 4 hours .  The arrows point to the  mouse  nuclei .
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A r g u i n g  in f a v o u r  of  t h i s  p o s s i b i l i t y  are t he  r e s u l t s  of  
c a r b o x y - t e r m  in al t r u n c a t i o n s  of  HSFI ( Fi g ur e  10 A ) .
T h e  e x p e r i m e n t s  p r e s e n t e d  a b o v e  y i e l d e d  s eve r a l  
i m p o r t a n t  c o n c l u s i o n s :  f i rst ,  HSFI s h u t t l e s  c o n t i n u o u s l y
b e t w e e n  t h e  n u c l e u s  and t h e  c y t o p l a s m  at p h y s i o l o g i c a l  
t e m p e r a t u r e ;  s e c o n d ,  heat  s h o c k  r e v e r s i b l y  b l o c k s  
n u c l e o c y t o p l a s m i c  s h u t t l i n g ;  t h i r d ,  t h i s  b l o c k  can be 
r e c a p i t u l a t e d  at p h y s i o l o g i c a l  t e m p e r a t u r e  u s i n g  HSFI 
m u t a n t s  w h i c h  are con s t i t u  t i v e l y  o l i g o m e r i c .  Taken t o g e t h e r ,  
t h i s  i m p l i e s  t hat  t he  i n a c t i v e ,  m o n o m e r i c  HSFI u n d e r g o e s  
n u c l e o c y t o p l a s m i c  t r a f f i c k i n g ,  as s h o w n  in a p o s s i b l e  m o d e l  of  
n u c l e o c y t o p l a s m i c  t r a f f i c k i n g  of  HSFI ( F i g ur e  21 ) .  Th i s  m o d e l  
p r o p o s e s  t hat  i n a c t i v e  HSFI is no t  s t a t i c a l l y  c o n f i n e d  to t he  
n u c l e u s ,  but  r a t her  has a c a p a c i t y  to t r a v e r s e  t h e  NPC. 
H o w e v e r ,  at s t e a d y  s t a t e ,  i n a c t i v e  HSFI is a c c u m u l a t e d  in t he  
n u c l e u s ,  p r e s u m a b l y  d u e  to t he  h i g h e r  rate of  i m p o r t  t han  
e x p o r t  ( s h o w n  as a bol d a r r o w ) . When HSFI is c o n v e r t e d  to its  
a c t i v e ,  trim er i c  f o r m , n u c l e o c y t o p l a s m i c  s h u t t l i n g  is 
i m p a i r e d .  If o l i g o m e r i z a t i o n  of  HSFI is i n d u c e d  by heat  s t res s ,  
t h i s  b l o c k  is r e v e r s i b l e  and s h u t t l i n g  r e s u m e s  d u r i n g  t he  
r e c o v e r y  p e r i o d  wh e n  o l i g o m e r s  are b e i n g  d i s s o c i a t e d .  The  
b l o c k  o b s e r v e d  d u r i n g  heat  s h o c k  or for o l i g o m e r i c  m u t a n t s  
at p h y s i o l o g i c a l  t e m p e r a t u r e  s e e ms  to re f l ec t  a p r o p e r t y  of  
HSFI o l i g o m e r s .  N u c l e o c y t o p l a s m i c  s h u t t l i n g  of  CREMx 
c o n t i n u e s  d u r i n g  heat  s t res s ,  i n d i c a t i n g  t hat  t h e  g e n e r a l  
t r a n s p o r t  c o m p e t e n c e  of  t he  ce l l s  s u b j e c t e d  to mi l d  heat  
s t r e s s  is not  a b r o g a t e d . T h e r e f o r e ,  HSFI o l i g o m e r s  are e i t h e r  
r e t a i n e d  in t he  n u c l e u s  t h r o u g h  s p e c i f i c  a s s o c i a t i o n  wi th
HSFI mut :
HSFI wt H179R
K387/A391/A394
A
42 °C
=  HSF1 monomer 
êË§ HSFI trim er
Figure 21. A possible model for nucleocytoplasmic shuttling 
of HSFI in m ammalian cell. HSFI shuttles continuously 
between the nucleus and the cytoplasm, but is, at steady 
state, accumulated in the nucleus presumably due to the 
higher im port rate (shown as a bold arrow). Shuttling is 
impaired at 42°C for the wild type HSFI or at 37°C for the 
oligomeric mutants presumably due to the block of export 
of HSFI oligomers suggesting that only inactive, monomeric 
HSFI shuttles.
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c h r o m a t i n  or s o m e  o t h e r  n u c l e a r  c o m p o n e n t s .  A l t e r n a t i v e l y ,  
o l i g o m e r s  may  not  acce s s  t he  e x p o r t  m a c h i n e r y .  One  p o s s i b l e  
r ea s o n  w o u l d  be,  for e x a m p l e ,  a c o n f o r m a t i o n a l  c h a n g e  t hat  
w o u l d  in a c t i v a t e  or bury  t he  n u c l e a r  e x p o r t  a c t i v i t y  in HSFI.  
It s h o u l d  al so be c o n s i d e r e d  t hat  HSFI is a ph osh op r o t e i n  and  
u n d e r g o e s  h y p e r p h o s p h o r y l a t i o n  on s e r i n e  and t h r e o n i n e  
r e s i d u e s  u p o n  heat  s t res s  (Xia and V o e l l m y ,  1 9 9 7 ) .  A l t h o u g h  
t h e  exact  rol e  of  p h o s p h o r y l a t i o n  is no t  k n o w n ,  e x c e p t  i ts  
p r o p o s e d  i n v o l v e m e n t  in s u p p r e s s i o n  of  t r a n s c r i p t i o n a l  
a c t i v i t y  of  HSFI at 37 °C ( K n a u f  e t  al . ,  19 9 6 ;  Kl i ne  and  
M o r i m o t o ,  1 9 9 7 ) ,  t h i s  m o d i f i c a t i o n  m i g h t  al so i n f l u e n c e  t he  
s h u t t l i n g  c a p a c i t y .  Such a s i t u a t i o n  has  been d e s c r i b e d  for 
t h e  g l u c o c o r t i c o i d  r e c e p t o r ,  wh e r e  h y p e r p h o s p h o r y l a t i o n  at 
s p e c i f i c  s i t e s  is a s s o c i a t e d  wi th i n e f f i c i e n t  n u c l e o c y t o p l a s m i c  
s h u t t l i n g  ( De F r a n c o  e t  al . ,  1 9 9 1 ) .  S i nce  HSFI c o n t a i n s  61 
s e r i n e s  and 29 t h r e o n i n e s  t h i s  ma k e s  a s y s t e m a t i c  a n a l y s i s  of  
t h e  p o s s i b l e  rol e  of  h y p e r p h o s p h o r y l a t i o n  in r e g u l a t i o n  of  
HSFI t r a n s p o r t  c y c l e  very d i f f i c u l t .  T h e r e f o r e ,  a s s e s s m e n t  of  
t h e  p u t a t i v e  rol e  of  p h o s p h o r y l a t i o n  a wa i t s  t he  i d e n t i f i c a t i o n  
o f  ph osp h o r y l a t e d  r e s i d u e s .  In a d d i t i o n ,  it has  been r e c e n t l y  
r e p o r t e d  t hat  a n o t h e r  pos t  -t ran s lat  i on al m o d i f i c a t i o n ,  
a c é t y l a t i o n ,  can i n f l u e n c e  s h u t t l i n g  b e h a v i o r  of  t he  l i ver -  
s p e c i f i c  t r a n s c r i p t i o n  f act or  HNF4,  c a u s i n g  i ts n u c l e a r  
r e t e n t i o n  (Sou t o g l o u  e t  al . ,  2 0 0 0 ) .  It is not  k n o w n  w h e t h e r  
HSFI is al so s u b j e c t e d  to a c é t y l a t i o n ,  but  in t he  l i g h t  of  t he  
e m e r g i n g  rol e  of  t h i s  m o d i f i c a t i o n  on t r a n s c r i p t i o n  f ac t or  
f u n c t i o n ,  t h i s  p o s s i b i l i t y  can not  be d i s r e g a r d e d .
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T h e  m o d e l  of  n u c l e o c y t o p l a s m i c  t r a f f i c k i n g  of  HSFI 
p r e s e n t e d  a b o v e ,  i n e v i t a b l y  rai ses  t he  q u e s t i o n  of  h o w  t h i s  
c o n t i n u o u s  f l ow of  HSFI b e t w e e n  t wo c e l l u l a r  c o m p a r t m e n t s  is 
r e l a t e d  to t h e  s t a b i l i t y  of  HSFI d u r i n g  t h e  ce l l  c y c l e .  To 
a d d r e s s  t h i s  q u e s t i o n ,  c l o n e  36 c e l l s  were ,  u p o n  t e t r a c y c l i n e  
r e m o v a l ,  t r e a t ed  wi th t he  p r o t e i n  s y n t h e s i s  i n h i b i t o r ,  
c y c l o h  e x i m id e.  As for t he  h e t e r o k a r y o n  as says ,  at d i f f e r e n t  
t i m e  p o i n t s  t h e  ce l l s  were c o l l e c t e d  and p r o t e i n  e x t r a c t s  were  
a n a l y z e d  by im m u n o b l o t t i n  g wi th a n t i - HS F l  a n t i b o d y .  The  
r e s u l t s  s h o w e d  t h a t ,  u n d e r  t h e s e  c o n d i t i o n s ,  HSFI is a s t ab l e  
p r o t e i n  b e c a u s e  no a p p a r e n t  c h a n g e  in t h e  a m o u n t  of  HSFI  
can be o b s e r v e d  w i t h i n  20 h o u r s  of  c y c l o h  ex i m id e t r e a t m e n t  
( F i g u r e  22) .  The  same  f i l t er  was al so p r o b e d  wi t h a n t i - a  
t u b u l i n  m o n o c l o n a l  a n t i b o d y  to n o r m a l i z e  t o t a l  p r o t e i n  
i m p u t .  a - t u b u l i n  has  a very s l ow t u r n o v e r  ( h a l f - l i f e  b e t w e e n  
o n e  and f i ve  d a y s .  Boh l e y ,  1 9 9 6 ) .  In a g r e e m e n t  wi th t h e s e  
d a t a ,  t h e  a m o u n t  of  a - t u b u l i n  r e m a i n e d  a p p a r e n t l y  c o n s t a n t  
d u r i n g  20 h o u r s  of  i n c u b a t i o n  wi th c y c l o h  ex i m id e ( Fi gur e  
2 2 ) .  From t h i s  e x p e r i m e n t  it can be c o n c l u d e d  t hat  
m o d e r a t e l y  o v e r e x p r e s s e d  HSFI is a s t ab l e  p r o t e i n  u n d e r  
c o n d i t i o n s  wh e r e  d e  n o v o  p r o t e i n  s y n t h e s i s  is i n h i b i t e d .  
H o w e v e r ,  t he  ha l f - l i f e  of  HSFI al so n e e d s  to be d e t e r m i n e d  by 
p u l s e - c h a s e  e x p e r i m e n t  ( work in p r o g r e s s ) .
It has  been d e m o n s t r a t e d  by q u a n t i t a t i v e  i m m u n o b l o t  
a n a l y s i s  t hat  a HeLa cel l  c o n t a i n s  on a v e r a g e  3 0 , 0 0 0  m o l e c u l e s  
o f  HSFI ( Sarge  e t  al . ,  1 9 9 3 ) .  S i nce  an a p p a r e n t  in t ern u c l ear  
e q u i l i b r a t i o n  is seen in - 5 0 %  of  h e t e r o k a r y o n s  4 h o u r s  after  
f u s i o n  of  HeLa ce l l s  and HS FI - / -  m o u s e  f i b r o b l a s t s ,  a very
Figure 22
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Figure 22. Analysis of HSFI stability in clone 36 cells.
Clone 36 cells were incubated in the medium containing cycloheximide  
(CHX :100| ig/ml)  for indicated periods of  time and then analyzed by anti- 
HSFl immunoblot .  The same filter was reprobed with monoclonal  anti-a 
tubulin antibody.
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c o n s e r v a t i v e  ( m i n i m a l )  e s t i m a t e  g i v e s  an e x p o r t  rate of  1 
m o l e c u l e  per s e c o n d .  C o n s e q u e n t l y ,  d u r i n g  t h e  t i m e  in wh i c h  
t h e  in t ern u c l ear  e q u i l i b r a t i o n  is r e a c h e d  (4 h o u r s ) ,  t h e  w h o l e  
p o o l  of  e n d o g e n o u s  p r o t e i n  w o u l d  h a v e  s h u t t l e d  o n c e .  
H o w e v e r ,  t h i s  e s t i m a t e  is to be q u a d r u p l e d  if it is t aken i n t o  
a c c o u n t  t hat  t h e  h e t e r o k a r y o n  s y s t e m p r o v i d e s  a b i d i r e c t i o n a l  
t r a n s p o r t  assay.  Av e r a g e  l e n g t h  of  t he  i n t e r p h a s e  of  He La cel l  
is - 2 0  h o u r s  ( Lodi s h e t  al . ,  2 0 0 0 )  and a s s u m i n g  t hat  
e n d o g e n o u s  HSFI in HeLa c e l l s  is a s t ab l e  p r o t e i n ,  an e x po r t  
rat e  of  1 m o l e c u l e / s e c  i m p l i e s  t hat  each m o l e c u l e  of  HSFI 
s h u t t l e s  in and out  of  t he  HeLa n u c l e u s  s e v e r a l  t i m e s  d u r i n g  
i n t e r p h a s e .  It is i n t e r e s t i n g  t h a t ,  c o m p a r i n g  t h e  e x p o r t  rate of  
HSFI wi t h t he  e x p o r t  rate of  s o me  o t h e r  s h u t t l i n g  p r o t e i n s  
s u c h  as h n R N P A l  ( M i c h a e l  e t  al . ,  1 9 9 5 ) ,  t ha t  t he  f r ac t i on  of  
t h e  t o t a l  p r o t e i n  p o o l  t hat  is e x p o r t e d  per u n i t  t i me  
( 0 . 0 0 3 % /  s e c ) , is r o u g h l y  t he  s ame  for bot h p r o t e i n s .  Un l i k e  
HSFI ,  h n R N P A l  is a m u c h  mo r e  a b u n d a n t  p r o t e i n  in 
m a m m a l i a n  ce l l  ( 7 x l 0 7 - 1 0 x l 0 7 m o l e c u  l e s / c e l l ) . T h u s ,  t he  
e x p o r t  rate for bot h p r o t e i n s  is fast in c o m p a r i s o n  wi t h  s o me  
o t h e r  s h u t t l i n g  p r o t e i n s ,  s uch  as p r o g e s t e r o n e  r e c e p t o r  
( Gu i ch on -Man t e l ,  1 9 9 1 )  and n u c l e o l i n  (Borer  e t  al . ,  1 9 8 9 ) .
I m p o r t  and e x p o r t  of  t h e  p r o t e i n s  from t h e  n u c l e u s  is 
c o n s i d e r e d  to be a s e l e c t i v e  and s i g n a l - m e d i a t e d  p r o c e s s ,  
a l t h o u g h  in p r i n c i p l e  p r o t e i n s  wi th a m o l e c u l a r  mass  up to 
4 0 - 6 0  kD can pass  t h r o u g h  t h e  NPC a q u e o u s  c h a n n e l  f reel y  
( N i g g ,  1 9 9 7 ) .  Ab i l i t y  of  a p r o t e i n  to d i f f u s e  d e p e n d s  on its  
f u n c t i o n a l  s i ze  in t he  ce l l ,  wh i c h  can be s i g n i f i c a n t l y  
d i f f e r e n t  from its p r e d i c t e d  s i ze  ( T a l c o t t  e t  al . ,  1 9 9 9 ) .  The
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p r e d i c t e d  m o l e c u l a r  mass  of  m o u s e  HSFI is 55 kD,  w h i l e  u n d e r  
d e n a t u r i n g  c o n d i t i o n s  (SDS-P A G E ) , HSFI m i g r a t e s  as a 
p o l y p e p t i d e  of  68 kD.  Th i s  d i f f e r e n c e  is p a r t i a l l y  d u e  to p o s t -  
t r a n s l a t i o n a l  m o d i f i c a t i o n  i.e.  p h o s p h o r y l a t i o n  ( S a r g e  e t  al . ,  
1 9 9 3 ) .  I n t e r e s t i n g l y ,  e ven wh e n  t h e  m o l e c u l a r  mas s  of  bot h  
i n a c t i v e  and a c t i v e  HSFI ( e i t h e r  from a c r u d e  e x t r a c t  or as 
r e c o m b i n a n t  p r o t e i n s )  was as sayed u n d e r  n a t i v e  c o n d i t i o n s  
( g e l  f i l t r a t i o n  c h r o m a t o g r a p h y ) ,  bot h  i n a c t i v e  and a c t i v e  
HSFI were f o u n d  to b e h a v e  as l arger  s p e c i e s .  As m e n t i o n e d  
a b o v e ,  it is b e l i e v e d  t hat  part  of  t h i s  d i f f e r e n c e  s t e m s  from 
t h e  a s y m m e t r i c ,  e l o n g a t e d  s h a p e  of  bot h f or ms  of  HSFI.  Si nce  
t h e  r e s u l t s  d e s c r i b e d  so far s u g g e s t  t hat  t h e  i n a c t i v e ,  
m o n o m e r i c  form of  HSFI u n d e r g o e s  c o n t i n u o u s  
n u c l e o c y t o p l a s m i c  s h u t t l i n g ,  it is u n l i k e l y  t hat  a m o l e c u l e  
wi t h  s uch p r o p e r t i e s  w o u l d  f ree l y  pass  t he  NPC,  s i n c e  its 
s h a p e  p r o b a b l y  i n c r e a s e s  t he  f u n c t i o n a l  s i ze  in v i v o .  In 
a d d i t i o n ,  t h e  p r e d i c t e d  m o l e c u l a r  mass  of  GFP-HSF1 is 80 kD 
( t h i s  f u s i o n  p r o t e i n  u n d e r  d e n a t u r i n g  c o n d i t i o n s  has  an 
a p p a r e n t  m o l e c u l a r  mass  a b o v e  100 k D ) , m a k i n g  it u n l i k e l y  
t h a t  it f ree l y  d i f f u s e s  t h r o u g h  t he  NPC.  C o n c e r n i n g  t h e  e xpo r t  
o f  p r o t e i n s  from t he  n u c l e u s ,  t he  a c t u a l  m o d e  of  e n e r g y  
c o n s u m p t i o n  d u r i n g  s i g n a l - m e d i a t e d  e x p o r t  is s t i l l  a ma t t e r  
o f  s o m e  d e b a t e  in t h e  t r a n s p o r t  f i e l d . H o w e v e r ,  it is 
e s t a b l i s h e d  t hat  t he  t r a n s l o c a t i o n  of  c a r g o / r e c e p  t or c o m p l e x  
t h r o u g h  t h e  NPC is for s i g n a l - m e d i a t e d  t r a n s p o r t  a 
t e m p e r a t u r e - s e n s i t i v e  p r o c e s s  t hat  is a t t e n u a t e d  or i n h i b i t e d  
at l ow t e m p e r a t u r e  ( N a k i e l n y  and D r e y f u s s ,  1 9 9 9 ) .  T h u s ,  by 
s i m p l y  l o w e r i n g  t he  t e m p e r a t u r e  to 4°C and l o o k i n g  at t he
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su b c e l l u  lar d i s t r i b u t i o n  of  a n u c l e a r  s h u t t l i n g  p r o t e i n ,  o ne  
can gai n i n s i g h t  i n t o  t h e  p o s s i b l e  m o d e  of  n u c l e a r  e x p o r t  
( " c o o l i n g  as say",  Fi gure  2 3 ) .  To test  HSFI b e h a v i o u r  in t he  
c o o l i n g  as say ,  c l o n e  36 c e l l s  and HeLa c e l l s  t r a n s i e n t l y  
e x p r e s s i n g  m y c - t a g g e d  c h i c k e n  p i r u v a t e  k i n a s e  f used to SV40  
l a r g e  T a n t i g e n  NLS (m yc - NLS- PK)  ( Os s areh - Naz ar i  e t  al . ,
1 9 9 7 ) ,  were  af ter a br i e f  e q u i l i b r a t i o n  on m e l t i n g  i ce,  
in cu b a t e d  at 4°C for 3 h o u r s .  The  i n c u b a t i o n  was d o n e  in t he  
p r e s e n c e  of  c y c l o h e x i m i d e  to b l o c k  p o s s i b l e  r e s i d u a l  d e  n o v o  
p r o t e i n  s y n t h e s i s .  After t h a t ,  c e l l s  were  f ixed and p r o c e s s e d
for im m u n o s t a i n  in g.  R e p r e s e n t a t i v e  s t a i n i n g  s h o w i n g
su b c e l l u  lar d i s t r i b u t i o n  of  my c - NLS- PK and HSFI are s h o w n  in 
F i g u r e  24.  The  r e s u l t s  s h o w  t h a t ,  a l t h o u g h  it is a n u c l e a r  
p r o t e i n  at 3 7 °C, my c - NLS- PK r e d i s t r i b u t e s  t h r o u g h o u t  t h e  ce l l  
af t er  3 h o u r s  at 4°C,  as d e s c r i b e d  p r e v i o u s l y  by M i c h a e l  and  
c o l l e a g u e s  ( 1 9 9 5 ) .  Thi s  is mo s t  p r o b a b l y  d u e  to p a s s i v e  e f f l ux  
o f  NLS-PK,  w h i c h  c o n t i n u e d  at l ow t e m p e r a t u r e ,  a c o n d i t i o n  
t h a t  b l o c k s  r e - i m p o r t .  In c o n t r a s t ,  as d e m o n s t r a t e d  in Fi gure  
2 4 ,  HSFI r e m a i n e d  e n t i r e l y  n u c l e a r  at 4°C.  N u c l e a r  p e r s i s t e n c e  
o f  HSFI was no t  a l t ered even af ter p r o l o n g e d  i n c u b a t i o n  at
4°C ( up to 6 h o u r s ) ,  i n d i c a t i n g  t hat  HSFI mo s t  p r o b a b l y  d o e s
n o t  exi t  t h e  n u c l e u s  by p a s s i v e  d i f f u s i o n .  Th i s  r es ul t  a r g u e s  
in f a v o u r  of  a c t i v e ,  s i g na l  m e d i a t e d  e x p o r t  of  HSFI.  W h e t h e r  
t h i s  o c c u r s  t h r o u g h  d i r e c t  i n t e r a c t i o n  wi t h an e x p o r t  r e c e p t o r  
or NPC c o m p o n e n t s  or t h r o u g h  i n t e r a c t i o n  wi t h a NFS-  
c o n  t a i n  in g a d a p t e r  (" p i g g y - b a c k  " m e c h a n i s m )  r e m a i n s  to be 
d e t e r m i n e d .  T h e r e f o r e ,  t a k i n g  all t h i s  in c o n s i d e r a t i o n ,  a
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F i§ u re  23. The cooling assay. Schematic presenta­
tion of the main steps in signal-m ediated p ro tein  
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Figure 24. Nuclear exit of HSF1, unlike NLS-Pyruvate kinase 
(NLS-PK) is blocked at low temperature.
HeLa cells transiently overexpressing myc-tagged NLS-PK and clone 36 
cells were maintained at ?>1°C or incubated at for 3 hours.  The 
immunostaining was done  with anti -myc and anti-HSFl antibody,  
respectively.  The corresponding histograms represent result from three 
separate experiments obtained by scoring >300 cells and classifying them 
using the criteria described above (see Figure 10).
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s y s t e m a t i c  a p p r o a c h  is n e e d e d  to i n v e s t i g a t e  t he  n u c l e a r  
e x p o r t  a c t i v i t y  in HSF1.
T h e  first s i g n a l  s h o w n  to m e d i a t e  p r o t e i n  e x p o r t  from 
t h e  n u c l e u s  was d i s c o v e r e d  in HIV Rev p r o t e i n  ( F i s c he r  e t  al . ,  
1 9 9 5 )  and in t he  s mal l  cAMP-d ep en d en t p r o t e i n  k i n a s e  
i n h i b i t o r  (PKI) (Wen e t  al . ,  1 9 9 5 ) .  Thi s  s i g n a l  is c h a r a c t e r i z e d  
by a s hor t  s t r e t c h  of  h y d r o p h o b i c  a m i n o  a c i ds  rich in 
l e u c i n e s .  It has  been s h o w n  t hat  a f u n g a l  m e t a b o l i t e ,
L e p t o m y c i n  B (LMB) b l o c k s  l e u c i n e - r i c h  NES m e d i a t e d  p r o t e i n  
e x p o r t  in m a m m a l i a n  ce l l s  ( Wo l f f  e t  al . ,  1 9 9 7 ) .  Th i s  in turn  
h e l p e d  to i d e n t i f y  Crm 1 ( Ex p o r t i n  1) as an e x p o r t  r e c e p t o r  
t h a t  r e c o g n i z e s  d i r e c t l y  l e u c i n e - r i c h  NES ( F o r n e r o d  e t  al . ,  
1 9 9 7 ;  Ossareh - Nazar i  e t  al . ,  1997;  F u k u d a  e t  al . ,  1 9 9 7 )  and 
w h i c h  is d i r e c t l y  b o u n d  and m o d i f i e d  by LMB ( Ku d o  e t  al . ,
1 9 9 8 ) .  T h e r e f o r e ,  it was i m p o r t a n t  to i n v e s t i g a t e  t h e  p o s s i b l e  
e f f e c t  of  LMB on HSF1 to f ind out  w h e t h e r  E x p o r t i n  1 is
i n v o l v e d .  Mo r e o v e r ,  s e q u e n c e  a n a l y s i s  s h o w e d  t hat  HSF1 d o e s  
n o t  c o n t a i n  a c o n s e n s u s  l e u c i n e - r i c h  NES.  H o w e v e r ,  it 
r e v e a l e d  t he  e x i s t e n c e  of  s eve r a l  s t r e t c h e s  of  h y d r o p h o b i c  
r e s i d u e s ,  w i t h i n  t he  t r i m e r i z a t i o n  d o m a i n  of  HSF1, t hat  are 
r i ch in l e u c i n e  and r e s e m b l e  a l e u c i n e - r i c h  NES.  Wo u l d  t h e s e  
act  as NES o n e  w o u l d  e x p e c t  LMB to b l o c k  nu c l e o c y  t op  l asm ic 
s h u t t l i n g  of  HSF1 in t he  h e t e r o k a r y o n  as says .  To tes t  t h i s ,
c o c u l t u r e s  of  HeLa ce l l s  e x p r e s s i n g  GFP-HSF1 and G2b2  m o u s e  
f i b r o b l a s t s ,  HeLa or c l o n e  36 ce l l s  and HSF1- / -  f i b r o b l a s t s  were  
p r e t r e a t e d  for 2 h o u r s  wi th d i f f e r e n t  c o n c e n t r a t i o n s  of  LMB 
( p r e v i o u s l y  s h o wn  to e f f i c i e n t l y  b l o c k  leu c i n e - r i c h  NES 
m e d i a t e d  p r o t e i n  e x p o r t ) .  Cel l s  were  t h e n  f used and LMB
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t r e a t m e n t  c o n t i n u e d  for an a d d i t i o n a l  4 h o u r s .  As c o n t r o l ,  
t h e  c e l l s  were  t r e a t ed  wi th t he  a p p r o p r i a t e  d i l u t i o n  of  s o l v e n t  
( DMS O or a b s o l u t e  e t h a n o l ) .  The  h e t e r o k a r y  on s were  f ixed and  
i n s p e c t e d .  Thr e e  r e p r e s e n t a t i v e  h e t e r o k a r y o n  s af ter 6 h 
t r e a t m e n t  wi t h lOOnM LMB for each t y p e  of  HSF1 a n a l y z e d  
( t r a n s i e n t l y  e x p r e s s e d  GFP-HSF1,  e n d o g e n o u s  HSF1 in HeLa 
c e l l s  and "Te t - Of f ' HS F l  ) are s h o w n  in t he  Fi gure  25.  Thi s  
e x p e r i m e n t  s h o w s  t hat  nu c l e o c y  t o p  l asm ic s h u t t l i n g  of  HSF1 is
r e f r a c t o r y  to LMB. The  r es ul t  was s i mi l ar  wi th 40 ,  100 ,  200  or
4 0 0 n  M LMB.
At t h i s  p o i n t ,  it was i m p o r t a n t  to d e t e r m i n e  w h e t h e r  
LMB f u n c t i o n s  in t he  cel l  u n d e r  t he  c o n d i t i o n s  used in t h i s
s t u d y .  To tes t  t h i s ,  t he  su b c e l l u  lar d i s t r i b u t i o n  of  an
e n d o g e n o u s  p r o t e i n ,  MAP k i n a s e  k i n a s e  ( MEK1)  was e x a m i n e d  
in bo t h  He La ce l l s  and cel l  h y b r i d s  be f or e  and after LMB 
t r e a t m e n t .  MEK1 is al so a s h u t t l i n g  p r o t e i n , w h i c h  c o n t a i n s  a 
l e u c i n e - r i c h  NES and is p r e d o m i n a n t l y  l o c a l i z e d  in t he  
c y t o p l a s m  of  m a m m a l i a n  ( F u k u d a  e t  al . ,  1 9 9 6 ) .  I n d e e d ,  whe n  
t h e  n o n  - t r e a t e d  HeLa ce l l s  or ce l l  h y b r i d s  were  s t a i n e d  wi th  
an t i - MEKl  a n t i b o d y ,  MEK1 was f o u n d  p r e d o m i n a n t l y  in t he  
c y t o p l a s m  ( F i gur e  2 6 A).  H o w e v e r ,  in bot h  cases  a t r e a t m e n t  
wi t h  4 nM LMB for 2 h o u r s  c a u s e d  n u c l e a r  a c c u m u l a t i o n  of  
MEK1 ( F i g u r e  2 6 A),  d e m o n s t r a t i n g  t h a t ,  u n d e r  t h e  c o n d i t i o n s  
u s e d ,  LMB is f u n c t i o n i n g  in t he  ce l l .  S i nce  LMB di d not  b l ock  
i n t e r n  u c l e a r  t rans f er  of  HSF1 in h e t e r o k a r y o n  s, t h i s  r es ul t  
r u l e s  out  an i n v o l v e m e n t  of  E x p o r t i n l .  In a d d i t i o n ,  t r a n s i e n t  
o v e r e x p r e s s i o n  of  Ex po r t i n  1 in HeLa ce l l s  di d not  i n d u c e  a 
c h a n g e  in s t e a d y  s t a t e  l o c a l i z a t i o n  of  e n d o g e n o u s  HSF1 24
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Figure 25. Nuclear export of HSF1 is refractory to LeptomycinB 
(LMB).
Nucleocytoplasmic shuttling of  GFP-HSF1, endogenous  HSF1 or HSF1 stably 
expressed in "Tet-Off" system is refractory to LMB. The cells were 
incubated 2 hours pre- and 4 hours post-fusion with lOOnM LMB. Identical  
results were obtained with 40,  200 and 400 nM LMB. The arrows point to 
the mouse  nuclei .
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h o u r s  p o s t - t r a n s f e c t i o n  ( F i gur e  26B) .  O v e r e x p r e s s i o n  of  
E x p o r t i n  1 has  been p r e v i o u s l y  s h o w n  to r e v e r s e  t he  
n u c l e o c y t o p l a s m i c  rat i o  of  s o me  of  i ts s u b s t r a t e s  s uch as NF-  
AT4 (Zhu and Mc Ke o n ,  1 9 9 9 )  or l i v e r - s p e c i f i c  t r a n s c r i p t i o n  
f a c t o r  HNF-4 (Sou t o g l o u  e t  al . ,  2 0 0 0 ) .  HSF1 e x p o r t  from t he  
n u c l e u s  may  o c c u r  t h r o u g h  a d i f f e r e n t  e x p o r t  p a t h w a y .  
T h e r e f o r e ,  it is c r u c i a l  to i d e n t i f y  s e q u e n c e  r e q u i r e m e n t s  for 
n u c l e a r  e x p o r t  a c t i v i t y  of  HSF1 , wh i c h  in turn w o u l d  he l p  to 
e l u c i d a t e  t h e  e x p o r t  p a t h w a y .  Thi s  a p p r o a c h  w o u l d  
e v e n t u a l l y  l ead to a be t t e r  u n d e r s t a n d i n g  of  t h e  f u n c t i o n a l  
r e l e v a n c e  o f  c o n t i n u o u s  n u c l e o c y t o p l a s m i c  t r a f f i c k i n g  of  HSF1 
in m a m m a l i a n  ce l l s  ( see  D i s c u s s i o n ) .
S e q u e n c e  a n a l y s i s  al so rul ed out  t hat  HSF1 c o n t a i n s  
h o m o l o g i e s  to e i t h e r  of  t he  two o t h e r  NES m o t i f s  d e s c r i b e d , 
i . e .  M9 and KNS. In a d d i t i o n ,  t h e s e  two s i g n a l s  s eem to be 
s p e c i f i c  for s o me  c l a s s e s  of  RNA- bi n d in g p r o t e i n s .  Two p i e c e s  
o f  d a t a  s u g g e s t e d  t hat  n u c l e a r  e x p o r t  a c t i v i t y  of  HSF1 m i g h t  
r e s i d e  in t he  trim e r i z a t  i on d o m a i n .  The  first c a me  from 
a n a l y s i s  of  t he  su b c e l l u  lar d i s t r i b u t i o n  of  c a r b o x y - t e r m  in al 
d e l e t i o n  m u t a n t s  of  HSF1 . When t h e  d i s t r i b u t i o n  of  a c a r b o x y -  
t e r m in al d e l e t i o n  set was a n a l y z e d  in t r a n s i e n t l y  t r a n s f e c t e d  
HeLa c e l l s ,  an i n t e r e s t i n g  b e h a v i o u r  was o b s e r v e d  : whe n
r e s i d u e s  b e t w e e n  p o s i t i o n s  228 and 198 were  d e l e t e d ,  HSF1 
was  d i s t r i b u t e d  in bot h  t h e  n u c l e u s  and t h e  c y t o p l a s m .  
H o w e v e r ,  in a l mo s t  30% of  t he  t r a n s f e c t e d  c e l l s ,  t he  p r o t e i n  
was  p r e d o m i n a n t l y  c y t o p l a s m i c  ( F i g ur e  1 0 A, d e l e t i o n  m u t a n t  
1- 19  8) .  Whe n  d e l e t i o n s  p r o g r e s s e d  t o w a r d s  t h e  am in o-  
t erm in u s t h e  p e r c e n t a g e  of  t he  c e l l s  s h o w i n g  c y t o p l a s m i c
Figure
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Figure 26.  Leptomycin B blocks nuclear export  of  endoge nous  
MAP kinase kinase (MEK1) in HeLa cells and in transient  HeLa-  
HeLa homokaryons .
(A) HeLa cells were either,  treated 2 hours with 4 nM LMB and then 
analyzed by immunof luorescence with polyclonal  an ti-MEKl antibody 
(upper panel)  or treated 2 hours pre- and 2 hours post-fusion with 20 
nM LMB. In both cases,  controls (-LMB) included incubation with 
appropriate dilution of  LMB solvent.
(B) Overexpress ion of  myc- tagged Exportin 1 does  not  induce  
change in s teady state local ization o f  e ndo ge nous  HSF1 in 
HeLa cells.  The immunostaining was performed 24 hours post ­
transfection.
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l o c a l i z a t i o n  d e c r e a s e d  and f u r t h e r  d e l e t i o n  up to r e s i d u e  120  
r e s u l t e d  in an a p p a r e n t l y  e q u a l  d i s t r i b u t i o n  of  HSF1 b e t w e e n  
t h e  t wo c o m p a r t m e n t s  ( F i g ur e  1 0 A, d e l e t i o n  m u t a n t s  1 - 1 6 7 ,  1- 
141 and 1 - 1 2 0 ) .  Th i s  was r e p r o d u c i b l y  seen in s eve r a l  
i n d e p e n d e n t  e x p e r i m e n t s  and p o i n t e d  out  a c l ear  shi f t  
t o w a r d s  mo r e  c y t o p l a s m i c  r e s i d e n c y  ( c o m p a r e  h i s t o g r a m s  
c o r r e s p o n d i n g  to d e l e t i o n  m u t a n t s  1 - 198  and 1 - 1 4 0  in Fi gure  
1 0 A ) . A l t h o u g h  t he  d i s t r i b u t i o n  of  t h e s e  m u t a n t  s p e c i e s  c o u l d  
r e s u l t  from p a s s i v e  d i f f u s i o n  b e t w e e n  t h e  n u c l e u s  and t he  
c y t o p l a s m  d u e  to t h e i r  s mal l  s i zes  ( ~ 2 0 k D ) , t h i s  b e h a v i o u r  
was  al so seen wi th t he  c o r r e s p o n d i n g  GFP f u s i o n s  ( d a t a  not  
s h o w n ) .  T h e r e f o r e ,  t he  p o s s i b i l i t y  that  a s e q u e n c e  r e q u i r e d  for 
e x p o r t  a c t i v i t y  of  HSF1 r e s i d e s  in t h i s  r e g i o n  was i n v e s t i g a t e d .  
Wh e n  t he  r e g i on  of  HSF1 b e t w e e n  t h e s e  d e l e t i o n  p o i n t s  ( 1 5 1 -  
1 9 8 )  was f us ed  to a r e p o r t e r  p r o t e i n ,  di m e r i z e d  GFP (GFP2) ,  
w h i c h  is d i f f u s e l y  d i s t r i b u t e d  t h r o u g h o u t  He La ce l l ,  GFP 2 - 
HSF1 ( 1 5 1 - 1 9 8 )  was p r e d o m i n a n t l y  d e t e c t e d  in t he  c y t o p l a s m  
( F i g u r e  2 7 A).  A r e g i o n  of  c o m p a r a b l e  l e n g t h  and c o n t a i n i n g  a 
s i m i l a r  s t r u c t u r a l  m o t i f ,  t h e  c a r b o x y - t e r m  in al l e u c i n e  z i p p e r  
( r e s i d u e s  384  to 4 2 9 )  did not  h a v e  t h i s  e f f ec t  on GFP2 ( Fi gure  
2 7 A ) . The  p r e d o m i n a n t  c y t o p l a s m i c  d i s t r i b u t i o n  of  GFP2-HSF1  
( 1 5 1 - 1 9 8 )  was not  d u e  to t he  trim e r i z a t i o n  f u n c t i o n  of  
r e s i d u e s  15 1 - 198,  b e c a u s e  t h i s  was not  a l t ered  if t he
t r i m e r i z a t i o n  ab i l i t y  of  HSF1 was a b r o g a t e d  by d e l e t i n g  
r e s i d u e s  1 6 0 - 1 7 2  ( d a t a  not  s h o w n ) .  A n a l y s i s  of  p r o t e i n  
e x t r a c t s  from t r a n s i e n t l y  t r a n s f e c t e d  HeLa c e l l s  wi t h ant i - GFP  
a n t i b o d y  d e m o n s t r a t e d  t hat  all p o l y p e p t i d e  s p e c i e s  were  
i n t a c t  and of  p r e d i c t e d  mass  ( F i gur e  2 1 k ) .  T h e s e  da t a  s u g g e s t
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t h a t  r e s i d u e s  151 to 198 from t h e  t r i m e r i z a t i o n  d o m a i n  
i n d u c e d  an a p p a r e n t  c h a n g e  in t he  s t e a d y  s t a t e  su b c e l l u  lar 
d i s t r i b u t i o n  of  GFP2 . W h e t h e r  t h i s  e f f ec t  is real l y  d u e  to t he  
e x p o r t  a c t i v i t y  was e x a m i n e d  u s i n g  t he  h e t e r o k a r y o n  assay.  In 
t h i s  e x p e r i m e n t  a n o n - s h  u 11 l in g p r o t e i n  m y c - t a g g e d  
n u c l e o p  l asm in core  p r o t e i n  d r i v e n  to t h e  n u c l e u s  by SV40  
l a r g e  T a n t i g e n  NLS (m y c - N P c - T N L S ) , was u s e d . Thi s  r e p o r t e r  
p r o t e i n  was s h o wn  not  to s h u t t l e  in t he  h e t e r o k a r y o n  assay;  
h o w e v e r ,  it can be c o n v e r t e d  to a s h u t t l i n g  p r o t e i n  by f u s i n g  
an NES ( M i c h a e l  et  al . ,  1 9 9 5 ) .  T h e r e f o r e ,  it was r e a s o n a b l e  to 
t e s t  a p u t a t i v e  e x po r t  a c t i v i t y  of  c a n d i d a t e  r e g i o n s  of  HSF1 by 
f u s i n g  t h e m  to NPc- TNLS and a n a l y z i n g  t he  f u s i o n  c o n s t r u c t s  
in t h e  h e t e r o k a r y o n  assay.  For t h i s  p u r p o s e ,  a f u s i o n  p r o t e i n , 
GFP- NPc - TNLS was m a d e  a n d ,  as e x p e c t e d ,  s h o wn  not  to 
s h u t t l e  in t he  h e t e r o k a r y o n  assay 4 h o u r s  p o s t - f u s i o n  ( da t a  
n o t  s h o w n ) .  S u r p r i s i n g l y ,  whe n  t h e  c a n d i d a t e  r e g i o n  of  HSF1 
was  f used to t h i s  r e p o r t e r ,  t he  f u s i o n  p r o t e i n  GFP- NPc- TNLS-  
HSF1 ( 1 5 1 - 1 9 8 )  s h o w e d  d i f f u s e  d i s t r i b u t i o n  t h r o u g h o u t  t he  
c e l l  in >8 0% of  t r a n s i e n t l y  t r a n s f e c t e d  HeLa c e l l s  24 h o u r s  
p o s t - t  ran s f ec t  io n ( F i gur e  27B) ,  e ven  whe n  i ts t r i m e r i z a t i o n  
a b i l i t y  was a b r o g a t e d  by d e l e t i o n  of  r e s i d u e s  160 to 172 in 
c o n s t r u c t  GFP- NPc- TNLS- HSFl  ( 1 5 1 -1 98A1 60- 1  7 2 ) ,  ( d a t a  not  
s h o w n ) .  C o n s i s t e n t l y ,  t he  a d d i t i o n  of  t h e  47 r e s i d u e s  from t he  
c a r b o x y - t e r m  in al l e u c i n e  z i p p e r  to t h e  bas i c  r e p o r t e r  
c o n s t r u c t  GFP- NPc- TNLS did not  al t er  its n u c l e a r  r e s i d e n c y ,  
s i n c e  t h e  c o n s t r u c t  GFP- NPc- TNLS- HSF (3 8 4 - 4  2 9 )  r e m a i n e d  
n u c l e a r  in mo s t  of  t he  t r a n s f e c t e d  ce l l s  ( F i g ur e  27 B ) . 
U n f o r t u n a t e l y ,  s i n c e  t he  a d d i t i o n  of  r e s i d u e s  151 to 198
A
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Figure 27. A region from the trimerization domain of HSF1 
induces an apparent shift in nucleocytoplasmic distribution of 
reporter proteins.
(A) Su bcellu lar distribution o f dimerized GFP, (GFP2) or GFP2-HSF1 fusion 
proteins, GFP2-HSF1(151-198) and GFP2-HSF1 (384- 429) ,  in transiently 
transfected HeLa cells. On the right is shown immunoblot on whole cell 
extracts with anti-GFP antibody.
(B) Subcellular distribution of GFP-tagged nucleoplasmin core fusion 
proteins, GFP-NPc-HSFl ( 151- 198)  and GFP-NPc-HSF1 (384-429) in 
transiently transfected HeLa cells.
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r e s u l t e d  in t he  d i f f u s e  d i s t r i b u t i o n  of  t he  r e p o r t e r  p r o t e i n  in 
t h e  c e l l s ,  t h i s  r e p o r t e r  p r o t e i n  c o u l d  not  be used in t he  
h e t e r o k a r y o n  assay s i n c e  t he  h e t e r o k a r y o n  assay is based  on 
t h e  d e t e c t i o n  of  in t ern u c l ear  p r o t e i n  t r ans f e r .  T h e r e f o r e ,  
a m b i g u i t i e s ,  w h i c h  t h e s e  p r o t e i n s  may g i v e ,  m a d e  t h e m not  
r e l i a b l e  r e p o r t e r s .  I n t e r e s t i n g l y ,  very s i mi l a r  e f f ec t  of  t he
l e u c i n e - r i c h  NES from t he  s h u t t l i n g  p r o t e i n  4E-T on t he
s u b c e l l u l a r  d i s t r i b u t i o n  of  NPc-TNLS was d e s c r i b e d  r e c e n t l y  
( D o s t i e  e t  al . ,  2 0 0 0 ) .  In t h i s  case  as we l l ,  a d d i t i o n  of  t he
l e u c i n e - r i c h  NES to t h e  NPc-TNLS r e s u l t e d  in NPc-TNLS-NES  
b e i n g  d i s t r i b u t e d  b e t w e e n  t he  n u c l e u s  and t he  c y t o p l a s m .  
H o w e v e r ,  it r e m a i n s  u n c l e a r  w h e t h e r  t h e  a l t e r ed  s u b c e l l u l a r  
d i s t r i b u t i o n  of  r e p o r t e r  p r o t e i n s  f used to t h e  tr im e r i z a t  i on  
d o m a i n  of  HSF1 is a res ul t  of  n u c l e a r  e x p o r t  a c t i v i t y  or of  a 
s p u r i o u s  i n t e r a c t i o n  wi th s o me  c y t o p l a s m i c  c o m p o n e n t  t hat  
r e t a i n s  t h e s e  r e p o r t e r s  o ut  of  t h e  n u c l e u s .  T h u s ,  d i r e c t  
e v i d e n c e  m u s t  be o b t a i n e d  u s i n g  o t h e r  t r a n s p o r t  as says  i .e.  
m a m m a l i a n  ce l l  or X e n o p u s  o o c y t e  m i c r o i n j e c t i o n .  C u r r e n t l y ,  
wo r k  is o n g o i n g  to c o n s t r u c t  o t h e r  r e l i ab l e  r e p o r t e r  m o l e c u l e s  
to be t e s t e d  in t h e  h e t e r o k a r y o n  assay.
T h e  s e c o n d  p i e c e  of  dat a  t hat  s u g g e s t e d  t hat  n u c l e a r  
e x p o r t  a c t i v i t y  of  HSF1 m i g h t  r e s i d e  in t he  trim e r i z a t  i on  
d o m a i n  was o b t a i n e d  wh e n  t he  in t ern u c l ear  t r ans f e r  of  GFP-
HSF1 :A16 0 - 1 7 2  was i n v e s t i g a t e d .  Th i s  d e l e t i o n  r e s u l t s  in a 
c o n  s t i t u  l i v e l y  m o n o m e r i c  HSF1, as d e m o n s t r a t e d  in F igu re  9C. 
S u r p r i s i n g l y ,  in t ern u c l ear  t rans f er  of  t h i s  m u t a n t  was q u i t e  
d e l a y e d  wi th r e s p e c t  to t he  wt HSF1 b e c a u s e  4 h o u r s  p o s t ­
f u s i o n ,  no i n t e r n u c l e a r  e q u i l i b r a t i o n  can be d e t e c t e d  ( Fi gur e
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2 0 ) ,  w h e r e a s  wt HSF1 e q u i l i b r a t e s  b e t w e e n  t h e  n u c l e i  of  ne ar l y  
50% of  h e t e r o k a r y o n  s ( Fi g ur e  15 A).  The  reas on for t h i s  is 
u n c l e a r ,  but  it is t e m p t i n g  to s p e c u l a t e  t hat  t h i s  d e l e t i o n  
m i g h t  we a ke n  but  n o t  a bo l i s h  t h e  n u c l e a r  e x p o r t  a c t i v i t y  of  
H S F 1 .
Ta k e n  t o g e t h e r ,  t h e s e  r e s u l t s  s u g g e s t  t hat  a r eg i on  
r e s p o n s i b l e  for n u c l e a r  e x p o r t  a c t i v i t y  of  HSF1 m i g h t  r e s i de  
w i t h i n  t h e  t r i m e r i z a t i o n  d o m a i n .  H o w e v e r ,  at t h i s  p o i n t  o n l y  
a d d i t i o n a l  c o n s t r u c t s  wi t h mo r e  m u t a t i o n s  in t he  
t r i m e r i z a t i o n  d o m a i n  of  HSF1 can he l p  to e l a b o r a t e  t he  bas i s  
for a p o s s i b l e  i n v o l v e m e n t  of  t h e  t r i m e r i z a t i o n  d o m a i n  of  
HSF1 in n u c l e a r  e x p o r t .
D I S C U S S I O N
1 3 0
N u c l e o c y t o p l a s m i c  s h u t t l i n g  o f  H S F 1
T h i s  w o r k  s h o w s  t h a t  m a m m a l i a n  H S F 1 ,  a 
t r a n s c r i p t i o n  f a c t o r  t h a t  r e g u l a t e s  s t r e s s - i n d u c e d  
e x p r e s s i o n  o f  h e a t  s h o c k  p r o t e i n  c o d i n g  g e n e s ,  is n o t  
c o n f i n e d  to t h e  n u c l e u s .  By i n d i r e c t
i m m u n o f l u o r e s c e n c e  a n a l y s i s  o f  m a m m a l i a n  t i s s u e  
c u l t u r e  c e l l s ,  HSF1 wa s  s h o w n  to be  p r e d o m i n a n t l y  
n u c l e a r  b e f o r e  a n d  a f t e r  h e a t  s t r e s s  ( R a b i n  d ran e t  a l . ,  
1 9 9 3;  C o t t o  e t  a l . ,  1 9 9 7 ;  J o l l y  e t  a l . ,  1 9 9 8 ;  M e r c i e r e f  
a I . ,  1 9 9 8 ;  F i g u r e  6 ) .  H o w e v e r ,  t h e  d a t a  p r e s e n t e d  h e r e  
r e v e a l  a d y n a m i c  b e h a v i o u r  o f  HSF1 , d e m o n s t r a t i n g  i t s  
c o n s t a n t  n u c l e o c y t o p l a s m i c  s h u t t l i n g  ( F i g u r e  1 3 ) .  T h e  
c o n t i n u o u s  f l u x  o f  HSF1 b e t w e e n  t h e  t w o  
c o m p a r t m e n t s  o c c u r s  at p h y s i o l o g i c a l  t e m p e r a t u r e  
( w h e n  HSF1 is k e p t  as an i n a c t i v e  m o n o m e r )  w i t h  a 
m i n i m u m  e x p o r t  r a t e  o f  a p p r o x i m a t e l y  1 
m o l e c u l e / s e c o n d .  S h u t t l i n g  is d i s c o n t i n u e d  d u r i n g  
m i l d  h e a t  s t r e s s  ( w h e n  HSF1 is c o n v e r t e d  t o i t s  a c t i v e ,  
t r i m  e r i c  f o r m ) ,  b u t  r e s u m e s  d u r i n g  r e c o v e r y  ( w h e n  
HSF1 t r i m  e r s d i s s o c i a t e  b a c k  to m o n o m e r s ) .  M o r e o v e r ,  
s h u t t l i n g  is a l s o  i m p a i r e d  at 37 °C f or  d e r e g u l a t e d  
( o l i g o m e r i c )  HSF1 m u t a n t s  w i t h  m u t a t i o n s  t h a t  
d e r e p r e s s  o l i g o m e r i z a t i o n .  T a k e n  t o g e t h e r ,  t h e s e  d a t a  
a r e  c o n s i s t e n t  w i t h  s h u t t l i n g  o f  i n a c t i v e ,  m o n o m e r i c
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HSF1 as p r e s e n t e d  in a p o s s i b l e  m o d e l  f or  HSF1  
t r a n s p o r t  c y c l e  s h o w n  in F i g u r e  2 1 .
T w o  l i n e s  o f  e v i d e n c e  p r e s e n t e d  in t h i s  w o r k  
s u g g e s t e d  t h a t  b o t h  n u c l e a r  i m p o r t  a n d  n u c l e a r  
e x p o r t  o f  HSF1 o c c u r  by an a c t i v e  ( s i g n a l - m e d i a t e d )  
p r o c e s s .  F i r s t ,  a b i p a r t i t e  n u c l e a r  l o c a l i z a t i o n  s i g n a l  
w a s  i d e n t i f i e d  a n d  s e c o n d ,  a l t h o u g h  t h e  s e q u e n c e  
r e q u i r e m e n t s  f or  n u c l e a r  e x p o r t  a c t i v i t y  h a v e  n o t  
b e e n  d e l i n e a t e d ,  n u c l e a r  c o n f i n e m e n t  in t h e  c e l l s  
i n c u b a t e d  at 4 °C is c o n s i s t e n t  w i t h  e x p o r t  b e i n g  an 
a c t i v e  p r o c e s s .  I n t e r e s t i n g l y ,  L e p t o m y c i n  B d i d  n o t  
i n h i b i t  n u c l e o c y t o p l a s m i c  s h u t t l i n g  s u g g e s t i n g  t h a t  
HSF1 n u c l e a r  e x p o r t  o c c u r s  t h r o u g h  a d i s t i n c t  
p a t h w a y .  T h e  f i n d i n g  t h a t  HSF1 c o n s t i t u t i v e !  y 
s h u t t l e s  b e t w e e n  t h e  n u c l e u s  a n d  t h e  c y t o p l a s m  m a y  
h a v e  i m p l i c a t i o n s  f or  HSF1 r e g u l a t i o n  a n d  it is a l s o  o f  
i n t e r e s t  f or  u n d e r s t a n d i n g  h o w  p r o t e i n s  are  i m p o r t e d  
i n t o  a n d  e x p o r t e d  f r o m  t h e  n u c l e u s .
O v e r  t h e  p a s t  s e v e r a l  y e a r s ,  a n u m b e r  o f  r e p o r t s  
d e s c r i b e d  t h e  d y n a m i c  b e h a v i o r  o f  m a n y  n u c l e a r  
p r o t e i n s  w h i c h ,  l i k e  HSF1 , c o n t i n u o u s l y  m o v e  b a c k  
a n d  f o r t h  a c r o s s  t h e  n u c l e a r  e n v e l o p e .  A m o n g  t h e m ,  
t w o  t r a n s c r i p t i o n  f a c t o r s ,  p r o g e s t e r o n e  r e c e p t o r  
( G u i o c h o n - M a n t e l  e t  a l . ,  1 9 9 1 )  a n d  p 5 3 ( R o t h  e t  a l . ,  
1 9 9 8 ;  S t o m m e l  e t  a l . ,  1 9 9  8)  w e r e  s h o w n  t o s h u t t l e  in 
h e t e r o k a r y o n  a s s a y .  In a d d i t i o n ,  g l u c o c o r t i c o i d  
r e c e p t o r ,  a l t h o u g h  at s t e a d y  s t a t e  c y t o p l a s m i c ,  h a s  
a l s o  b e e n  s h o w n  to s h u t t l e  in t h e  h e t e r o k a r y o n  a s s a y
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( Ma d  an e t  a l . ,  19 9 3 ) .  Wi t h  r e s p e c t  t o t h e  a p p a r e n t  
r a t e  o f  i n t e r n u c l e a r  t r a n s f e r ,  t h e s e  p r o t e i n s  b e h a v e  
d i f f e r e n t l y .  P r o g e s t e r o n e  r e c e p t o r  a p p a r e n t l y
e q u i l i b r a t e s  b e t w e e n  t h e  n u c l e i  in h e t e r o k a r y o n  s 
w i t h i n  12 h o u r s  p o s t - f u s i o n ,  w h e r e a s  p 5 3 ,  HSF1 a n d  
g l u c o c o r t i c o i d  r e c e p t o r  e x h i b i t e d  f a s t e r  s h u t t l i n g  
k i n e t i c s :  p 5 3 a p p a r e n t l y  e q u i l i b r a t e s  b e t w e e n  t h e
n u c l e i  in h e t e r o k a r y o n  s w i t h i n  3 h o u r s ,  w h e r e a s  HSF1  
a n d  g l u c o c o r t i c o i d  r e c e p t o r  a p p a r e n t l y  e q u i l i b r a t e  in 
t h e  n u c l e i  o f  h e t e r o k a r y o n s  4 h o u r s  p o s t - f u s i o n .  Of  
t h e  t w o  o t h e r  n u c l e a r  t r a n s c r i p t i o n  f a c t o r s  t e s t e d  
h e r e  f or  s h u t t l i n g  in t h e  h e t e r o k a r y o n  a s s a y ,  C r e m  t  
d i s p l a y e d  k i n e t i c s  o f  i n t e r n u c l e a r  e q u i l i b r a t i o n  v e r y  
s i m i l a r  t o t h a t  o f  HSF1 or p 5 3 ( F i g u r e  1 7 ) ,  w h i l e  in 
c o n t r a s t ,  c /  EBP-ct  s h o w e d  l i t t l e ,  i f  a n y ,  i n t e r n u c l e a r  
t r a n s f e r  w i t h i n  t h e  t i m e  f r a m e  u s e d  ( F i g u r e  1 4 ) .  B a s e d  
on  t h i s  a n a l y s i s ,  it s e e m s  t h a t  n u c l e o c y t o p l a s m i c  
s h u t t l i n g  o f  n u c l e a r  t r a n s c r i p t i o n  f a c t o r s  m a y  be a 
m o r e  g e n e r a l  p h e n o m e n o n  a n d  t h a t  d i f f e r e n c e s  in t h e  
k i n e t i c s  o f  s h u t t l i n g  c o u l d  r e f l e c t  t h e  d i f f e r e n c e s  in 
t h e i r  r e g u l a t o r y  p a t h w a y s .  T h i s  is c e r t a i n l y  an i s s u e  
o f  g r e a t  i n t e r e s t  a n d  p e r s p e c t i v e  as m o r e  a n d  m o r e  
t r a n s c r i p t i o n  f a c t o r s  are  b e i n g  c l a s s i f i e d  as s h u t t l i n g  
p r o t e i n s .
T h e  p h e n o m e n o n  o f  n u c l e o c y t o p l a s m i c  s h u t t l i n g  
i s  in m a n y  c a s e s  m e d i a t e d  by s p e c i f i c  s i g n a l s  in t h e  
p r o t e i n s - n u c l e a r  l o c a l i z a t i o n  s i g n a l  ( N L S )  f o r  n u c l e a r  
i m p o r t  a n d  n u c l e a r  e x p o r t  s i g n a l  ( N E S )  f or  n u c l e a r
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e x p o r t  ( M a t t a j  a n d  E n g l m e i e r ,  1 9 9 9 ) .  S h u t t l i n g  c a n  
a l s o  be  c o n t r o l l e d  by n u c l e o c y t o p l a s m i c  s h u t t l i n g  
( N S )  s i g n a l s ,  w h i c h  u n l i k e  NLS a n d  NES c a n  d i r e c t  
b o t h  n u c l e a r  i m p o r t  a n d  n u c l e a r  e x p o r t  ( M i c h a e l ,
2 0 0 0 ) .  H e r e  it is s h o w n  t h a t  n u c l e a r  a c c u m u l a t i o n  o f  
HSF1 is d r i v e n  by a b i p a r t i t e  n u c l e a r  l o c a l i z a t i o n  
s i g n a l ,  c o m p r i s i n g  25 a m i n o  a c i d s  ( r e s i d u e s  2 0 3 - 2 2 8 )
a n d  c o n s i s t i n g  o f  t w o  m o d u l e s  ( F i g u r e s  10 a n d  1 1 ) .  
T h e  f i r s t ,  l o c a t e d  in t h e  t r i m e r i z a t i o n  d o m a i n ,  
c o n t a i n s  t h r e e  c l u s t e r e d  b a s i c  r e s i d u e s  ( l y s i n e ,
a r g i n i n e  a n d  l y s i n e  at p o s i t i o n  2 0 6 - 2 0 8 )  a n d  p l a y s  a 
m a j o r  r o l e  in n u c l e a r  t a r g e t i n g  o f  HSF1 . W h e n  t h e s e  
r e s i d u e s  w e r e  c h a n g e d  t o a l a n i n e s ,  n u c l e a r  
a c c u m u l a t i o n  o f  HSF1 wa s  a b o l i s h e d  ( F i g u r e  1 1 ) .  T h e
e x a c t  b o u n d a r i e s  o f  t h e  s e c o n d  m o d u l e ,  15 r e s i d u e s  
a p a r t ,  are  n o t  a p p a r e n t ,  s i n c e  t h e r e  are  n o  c l u s t e r e d  
b a s i c  a m i n o  a c i d s .  H o w e v e r ,  l y s i n e  at p o s i t i o n  22  4 a n d  
a r g i n i n e  at p o s i t i o n  22  7 a p p a r e n t l y  c o n t r i b u t e  t o  
n u c l e a r  a c c u m u l a t i o n ,  a l t h o u g h  n o t  t o t h e  s a m e
e x t e n t  as t h r e e  c l u s t e r e d  b a s i c  r e s i d u e s .  W h e n  t h e s e  
r e s i d u e s  w e r e  c h a n g e d  to a l a n i n e s  a p o r t i o n  o f  t h e  
p r o t e i n  r e m a i n e d  c y t o p l a s m i c ,  a l t h o u g h  t h e  b u l k  o f  
H S F 1 : K2 2 4 A / R 2 2 7 A  wa s  n u c l e a r  ( N > C )  ( F i g u r e  1 1 ) .  T h i s  
s u g g e s t s  t h a t  t h e  t w o  m o d u l e s  m a y  n o t  f u n c t i o n
i n t e r d e p e n d e n t l y .
T h e  NLS o f  HSF1 d i f f e r s  f r o m  t h e  c l a s s i c a l
b i p a r t i t e  NLS,  s i n c e  t w o  m o d u l e s  h a v e  an u n u s u a l  
s p a c i n g  o f  15 i n s t e a d  o f  10 r e s i d u e s  a n d  by t h e  f a c t
134
t h a t  t h e  s e c o n d ,  c a r b o x y - t e r m i n a l  m o d u l e  d o e s  n o t  
c o n t a i n  c l u s t e r e d  b a s i c  r e s i d u e s  w h i c h  are  u s u a l l y  
f o u n d  in a b i p a r t i t e  NLS.  I n s t e a d ,  t h e  s e c o n d  m o d u l e  
c o n t a i n s  t w o  b a s i c  r e s i d u e s ,  l y s i n e  a n d  a r g i n i n e ,  
s e p a r a t e d  by t w o  a m i n o  a c i d  i n s e r t i o n s .  In a d d i t i o n ,  
i n t h e  c l a s s i c a l  b i p a r t i t e  NLS,  t h e  t w o  m o d u l e s  are  
u s u a l l y  i n t e r d e p e n d e n t ,  w h i c h  d o e s  n o t  s e e m  to be  
t h e  c a s e  f or  HSF1 NLS.  H o w e v e r ,  t h e  m u t a t i o n a l  
a n a l y s i s  o f  t h e  NLS p r e s e n t e d  h e r e  is at t h e  m o m e n t  
p a r t i a l  a n d  m o r e  e x p e r i m e n t s  are  o n g o i n g  t o c o m p l e t e  
i t s  c h a r a c t e r i z a t i o n .  T h e s e  e x p e r i m e n t s  are  g o i n g  in 
t w o  d i r e c t i o n s .  F i r s t ,  m u t a g e n e s i s  e x p e r i m e n t s  w i l l  
h e l p  t o a s s i g n  t h e  c o n t r i b u t i o n  o f  e a c h  o f  t h e  b a s i c  
r e s i d u e s  f r o m  b o t h  m o d u l e s  ( as  w e l l  as a p o s s i b l e  r o l e  
o f  o t h e r  a m i n o  a c i d s  in t h e  s p a c e r  r e g i o n )  in n u c l e a r  
t a r g e t i n g .  S e c o n d ,  t h e  NLS w i l l  be t e s t e d  f or  i n v i t r o  
i n t e r a c t i o n  ( u s i n g  a G S T - p u l l d o w n  a s s a y )  w i t h  
i m p o r t i n  a  t o a d d r e s s  w h e t h e r  HSF1 u t i l i z e s  
" c l a s s i c a l "  i m p o r t  p a t h w a y  m e d i a t e d  by an i m p o r t i n  
a /  (3 h e t e r o d i m e r .  If t h e  NLS o f  HSF1 d o e s  n o t  i n t e r a c t  
w i t h  i m p o r t i n  a ,  it is p o s s i b l e  t h a t  i m p o r t i n  p is 
r e s p o n s i b l e  f or  t h e  n u c l e a r  i m p o r t  o f  HSF1 . 
A l t e r n a t i v e l y ,  i m p o r t  o f  HSF1 is m e d i a t e d  by an 
u n k n o w n  i m p o r t  r e c e p t o r .  In t h a t  c a s e  an a l t e r n a t i v e  
s t r a t e g y  c a n  be c o n s i d e r e d  f or  i d e n t i f y i n g  s u c h  a 
r e c e p t o r  by u s i n g ,  f or  e x a m p l e ,  a g e n e t i c  s c r e e n  ( y e a s t  
t w o  h y b r i d  a s s a y )  or b i o c h e m i c a l  a s s a y  ( a f f i n i t y  
c h r o m a t o g r a p h y ) .  R e c e n t l y ,  it wa s  r e p o r t e d  t h a t  a
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r e g i o n  in h u m a n  HSF1 ( c o m p r i s i n g  r e s i d u e s  2 0 3 - 2 2 4 )  
o v e r l a p p i n g  w i t h  t h e  NLS d e s c r i b e d  h e r e ,  is r e q u i r e d  
f o r  J NK p r o t e i n  k i n a s e  t a r g e t i n g  as w e l l  as f or  n u c l e a r  
t a r g e t i n g  o f  h u m a n  HSF1 ( D a i  e t  a l . ,  2 0 0 0 ) .  W h e n  t h i s  
r e g i o n  ( h i g h l y  c o n s e r v e d  b e t w e e n  h u m a n  a n d  m o u s e  
H S F 1 )  wa s  d e l e t e d ,  h u m a n  HSF1 wa s  r e l o c a l i z e d  t o t h e  
c y t o p l a s m  o f  t r a n s f e c t e d  c e l l s  p r o v i d i n g  e v i d e n c e  t h a t  
t h i s  r e g i o n  c o n t a i n s  t h e  NLS.
C o n s i d e r i n g  t h e  n u c l e a r  e x i t  o f  HSF1 , t h e  d a t a  
p r e s e n t e d  in t h i s  w o r k  p o i n t  t o an a c t i v e ,  s i g n a l -
m e d i a t e d  e x p o r t  m e c h a n i s m .  T h e  r e s u l t s  o f  t h e  
c o o l i n g  a s s a y  c l e a r l y  s h o w e d  t h a t  HSF1 is t r a p p e d  in 
t h e  n u c l e u s  w h e n  t h e  c e l l s  are  i n c u b a t e d  at 4 ° C
( F i g u r e  2 4 ) .  T h i s  i n d i c a t e s  ( s i n c e  t h e  s i g n  a l - m e d  i a t  ed  
n u c l e a r  e x p o r t  is t e m p e r a t u r e - d e p e n d e n t )  t h a t  
n u c l e a r  e x i t  o f  HSF1 is m o s t  l i k e l y  s i g n  a l - m e d  i a t e d  .
M o r e o v e r ,  s i n c e  s h u t t l i n g  o f  HSF1 is r e f r a c t o r y  to  
L e p t o m y c i n B  ( F i g u r e  2 5 ) ,  t h i s  s u g g e s t s  t h a t  t h e  e x p o r t  
p a t h w a y  HSF1 u t i l i z e s  is d i s t i n c t  f r o m t h e  o n e  
m e d i a t e d  by  t h e  E x p o r t i n l .  A p a r t  f r o m t h e  l e u c i n e -
r i c h  NES,  t h e  o n l y  o t h e r  NES  m o t i f s  d e s c r i b e d  so far  
w e r e  i d e n t i f i e d  in c e r t a i n  R N A - b i n d i n g  p r o t e i n s  w h e r e  
t h e y  a l s o  f u n c t i o n  as NLS ( M i c h a e l  e t  a l . ,  1 9 9 5 ,  1 9 9 7 ) .  
H o w e v e r ,  s e q u e n c e  c o m p a r i s o n  s h o w e d  n o  s i m i l a r i t i e s  
b e t w e e n  t h e s e  s i g n a l s  ( M9  a n d  KN S) a n d  t h e  HSF1  
p r i m a r y  s e q u e n c e .  T h e r e f o r e ,  it is p o s s i b l e  t h a t  t h e  
n u c l e a r  e x p o r t  a c t i v i t y  o f  HSF1 is d u e  t o t h e  p r e s e n c e  
o f  a n o v e l  NES w i t h i n  t h e  p r o t e i n .  A l t e r n a t i v e l y ,  HSF1
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c o u l d  be  " p i g g y  b a c k "  e x p o r t e d  t o t h e  c y t o p l a s m
t h r o u g h  i t s  a s s o c i a t i o n  w i t h  an NES c o n t a i n i n g  
a d a p t e r .  T h i s  m o d e  o f  e x p o r t  f r o m t h e  n u c l e u s  h a s  
a l r e a d y  b e e n  r e p o r t e d  f or  s o m e  p r o t e i n s  ( A r e n z a n a -  
S e i s d e d o s  e t  a l . ,  1 9 9 7 ) .  S e v e r a l  e x p e r i m e n t s  p r e s e n t e d  
h e r e  s u g g e s t  t h a t  t h e  n u c l e a r  e x p o r t  a c t i v i t y  o f  HSF1  
m a y  r e s i d e  w i t h i n  t h e  t r i m e r i z a t i o n  d o m a i n .  F i r s t ,  t h e  
a n a l y s i s  o f  t h e  s u b c e l l u l a r  d i s t r i b u t i o n  o f  m y c - t a g g e d  
c a r b o x y - t e r m i n a l  d e l e t i o n  m u t a n t s  o f  HSF1 ( F i g u r e  
1 0 ) ,  i n d i c a t e s  t h a t  t h e  r e s i d u e s  at p o s i t i o n  1 6 7 - 1 9 8  
m a y  c o n t a i n  n u c l e a r  e x p o r t  a c t i v i t y  b e c a u s e  a d d i t i o n  
o f  t h i s  r e g i o n  s h i f t s  n u c l e o c y t o p l a s m i c  d i s t r i b u t i o n  o f  
t h e  r e s p e c t i v e  d e l e t i o n  m u t a n t s ,  m a k i n g  m y c H S F l ( l -  
1 9 8 )  m o r e  c y t o p l a s m i c  t h a n  m y c H S F l (  1 - 1 6 7 ) .  S e c o n d ,  
w h e n  t h i s  r e g i o n  o f  HSF1 ( r e s i d u e s  1 5 1 - 1 9 8 )  wa s  f u s e d
t o  e i t h e r  d i m e r i z e d  G F P , or n u c l e o p l a s m i n  c o r e  
p r o t e i n  ( N P c )  c o n t a i n i n g  S V 4 0 - T N L S ,  it a l s o  c a u s e d  
c y t o p l a s m i c  r e d i s t r i b u t i o n  o f  t h e s e  p r o t e i n s  ( F i g u r e  
2 7 ) .  I n t e r e s t i n g l y ,  a s i m i l a r  e f f e c t  wa s  o b t a i n e d  by  
f u s i n g  t h e  l e u c i n e - r i c h  NES o f  t h e  s h u t t l i n g  p r o t e i n  
4 E - T  to t h e  N P c - T N L S  ( D o s t i e  e t  a l . ,  2 0 0 0 ) .  In
c o n t r a s t ,  c o n t r o l  r e g i o n  o f  HSF1 c o n t a i n i n g  c a r b o x y -  
t e r m i n a l  l e u c i n e  z i p p e r ,  ( r e s i d u e s  3 8 4 - 4 2 9 ) ,  w h e n  
f u s e d  t o d i m e r i z e d  GFP or N P C - T N L S  d i d  n o t  a l t e r
t h e i r  n u c l e a r  r e s i d e n c y  ( F i g u r e  2 7 ) .  H o w e v e r ,  t h e s e  
d a t a  are  s h o w i n g  s u b c e l l u l a r  d i s t r i b u t i o n  in t h e  
t r a n s f e c t e d  c e l l s  at s t e a d y  s t a t e  a n d  t h e  p o s s i b i l i t y  
t h a t  t h i s  l o c a l i z a t i o n  m a y  a r i s e  f r o m a s p u r i o u s
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i n t e r a c t i o n  w i t h  s o m e  c y t o p l a s m i c  c o m p o n e n t  c a n  n o t  
b e  f o r m a l l y  e x c l u d e d .  T h u s ,  t o o b t a i n  d i r e c t  e v i d e n c e  
f o r  n u c l e a r  e x p o r t  a c t i v i t y ,  t h i s  s e q u e n c e  s h o u l d  
p r o m o t e  t h e  e x p o r t  o f  h e t e r o l o g o u s  p r o t e i n s  ( t h a t  
w o u l d  o t h e r w i s e  be r e s t r i c t e d  t o t h e  n u c l e u s )  u s i n g  
s o m e  o f  t h e  i n v i v o  p r o t e i n  n u c l e a r  e x p o r t  a s s a y s  
( h e t e r o k a r y o n s ,  X e n o p u s  o o c y t e  n u c l e a r  i n j e c t i o n  or 
s o m a t i c  c e l l  n u c l e a r  i n j e c t i o n ) .  T h e s e  e x p e r i m e n t s  are  
c u r r e n t l y  o n g o i n g  a n d  t h e y  w i l l  be c r u c i a l  in t h e  
i d e n t i f i c a t i o n  o f  t h e  s e q u e n c e  r e q u i r e m e n t s  f or  t h e  
n u c l e a r  e x p o r t  a c t i v i t y  o f  HSF1 . T h e  n e x t  s t e p  w i l l  be  
t h e  i d e n t i f i c a t i o n  o f  t h e  e x p o r t  r e c e p t o r  r e s p o n s i b l e  
f o r  HSF1 e x p o r t  f r o m t h e  n u c l e u s .
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A p o s s i b l e  r o l e  o f  n u c l e o c y t o p l a s m i c  
s h u t t l i n g  i n t h e  r e g u l a t i o n  o f  H S F 1
It i s b e c o m i n g  e v i d e n t  t h a t  t h e  a c t i v i t y  o f  m a n y  
t r a n s c r i p t i o n  f a c t o r s  c an be r e g u l a t e d  at m u l t i p l e  
l e v e l s .  N u m e r o u s  s t u d i e s  h a v e  d e m o n s t r a t e d  t h a t  o n e  
o f  t h e  i m p o r t a n t  l e v e l s  o f  r e g u l a t i o n  c o u l d  be  t h e
r e g u l a t i o n  o f  s u b c e l l u l a r  l o c a l i z a t i o n .  In c e r t a i n  
c a s e s ,  as d e s c r i b e d  in t h e  i n t r o d u c t i o n ,  t r a n s c r i p t i o n  
f a c t o r s  are  k e p t  in a l a t e n t  i n a c t i v e  f o r m in t h e
c y t o p l a s m  a n d  r e l o c a t e  t o t h e  n u c l e u s  u p o n  a s p e c i f i c  
s i g n a l .  In t h e  n u c l e u s  t h e y  a c t i v a t e  t r a n s c r i p t i o n  o f  a 
s p e c i f i c  s e t  o f  t a r g e t  g e n e s .  T h e  m e c h a n i s m  by w h i c h  
t h e s e  p r o t e i n s  are  k e p t  in t h e  c y t o p l a s m  is m o s t l y
t h r o u g h  t h e  m a s k i n g  o f  t h e i r  NLS,  w h i c h  is t h u s  n o t  
a v a i l a b l e  to t h e  i m p o r t  m a c h i n e r y .  In c o n t r a s t ,  o t h e r  
t r a n s c r i p t i o n  f a c t o r s  s h u t t l e  c o n s t a n t l y  in a n d  o u t  o f  
t h e  n u c l e u s  a n d  are  at s t e a d y  s t a t e  l o c a l i z e d  e i t h e r  in 
t h e  n u c l e u s ,  in t h e  c y t o p l a s m  or in b o t h
c o m p a r t m e n t s .  In t h i s  c a s e ,  t h e  s t e a d y - s t a t e  
s u b c e l l u l a r  d i s t r i b u t i o n  is m o s t l y  d e t e r m i n e d  by t h e  
d i f f e r e n c e s  in t h e  r a t e s  o f  i m p o r t  a n d  e x p o r t .  H e r e ,
e v i d e n c e  is p r e s e n t e d  t h a t  HSF1 s h u t t l e s  c o n t i n u o u s l y  
in a n d  o u t  o f  t h e  n u c l e u s  at p h y s i o l o g i c a l
t e m p e r a t u r e s .  H o w e v e r ,  t h e  n e t  r e s u l t  o f  t h i s  f l o w  
r e s u l t s  in a v e r y  a s y m m e t r i c  d i s t r i b u t i o n  o f  t h e
p r o t e i n  at s t e a d y  s t a t e .  N u c l e a r  a c c u m u l a t i o n  is 
p r o b a b l y  d u e  t o  a h i g h e r  i m p o r t  r a t e ,  as i n d i c a t e d  in
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a p o s s i b l e  m o d e l  o f  HSF1 s h u t t l i n g  c y c l e  s h o w n  in 
Fi g u r e 2 1 .
I m p o r t a n t l y ,  t h e  c y c l i n g  o f  HSF1 is r e g u l a t e d  by  
h e a t  s h o c k .  U n d e r  c o n d i t i o n s  o f  m i l d  h e a t  s t r e s s ,  
w h e n  HSF1 is c o n v e r t e d  to a t r i m e r ,  e x p o r t  is 
r e v e r s i b l y  d i s c o n t i n u e d  ( F i g u r e s  1 5 B  a n d  1 6 )  a n d  
HSF1  is c o n f i n e d  t o t h e  n u c l e u s .  T h i s  b l o c k  o f  n u c l e a r  
e x p o r t  u n d e r  c o n d i t i o n s  o f  h e a t  s t r e s s  is s p e c i f i c  f or  
HS F 1 .  U n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d ,  t h e  
i n t e r n u c l e a r  t r a n s f e r  o f  a n o t h e r  s h u t t l i n g  p r o t e i n ,  
C R E M t wa s  n o t  i m p a i r e d  ( F i g u r e  1 7 ) .  F u r t h e r m o r e ,  a
s i m i l a r  b l o c k  o f  s h u t t l i n g  wa s  d e t e c t e d  f or  HSF1  
m u t a n t s  ( H 1 7 9 R  a n d  M3 8 7 K/ L 3  9 1 A / L 3  9 4  A)  b e a r i n g  
a m i n o  a c i d  s u b s t i t u t i o n s  t h a t  r e l i e v e  t h e  s u p p r e s s i o n  
o f  o l i g o m e r i z a t i o n  u n d e r  n o r m a l  g r o w t h  c o n d i t i o n s .  
B o t h  m u t a n t s  w e r e  o l i g o m e r i c  at 3 7 ° C a n d  s h o w e d  
i m p a i r e d  i n t e r n u c l e a r  t r a n s f e r  in t h e  h e t e r o k a r y o n  
a s s a y  ( F i g u r e  1 8 ) ,  t h u s  r e c a p i t u l a t i n g  t h e  e f f e c t  o f  
h e a t  s t r e s s  on s h u t t l i n g  o f  w i l d  t y p e  HSF1 . It is
i n t r i g u i n g  t h a t  t w o  m u t a t i o n s ,  w h i c h  are  l o c a t e d  in
d i s t i n c t  p r o t e i n  d o m a i n s  ( H 1 7 9 R  in t h e  t r i m  e r i z a t  i o n  
d o m a i n  a n d  M3 8 7 K / L3 9 1 A / L 3  9 4 A in t h e  c a r b o x y -  
t e r m i n a l  l e u c i n e  z i p p e r  4)  g a v e  a v e r y  s i m i l a r  
p h e n o t y p e  in t h e  s h u t t l i n g  a s s a y .  T h e s e  t w o  r e g i o n s  
o f  HSF1 h a v e  b e e n  p r o p o s e d  t o m a i n t a i n  HSF1
m o n o m e r i c  t h r o u g h  an i n t r a m o l e c u l a r  c o i l e d - c o i l  
i n t e r a c t i o n  ( R a b i n d r a n  e t  a l . ,  1 9 9 3 ) .  It is b e l i e v e d  
t h a t  d u r i n g  h e a t  s t r e s s ,  t h i s  i n t e r a c t i o n  is p e r t u r b e d
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a n d  p r o t e i n  o l i g o m e r i z e s  t h r o u g h  t h e  i n t e r m o l e c u l a r  
c o i l e d  - c o i l  i n t e r a c t i o n  b e t w e e n  t h e  t r i m  e r i z a t  i o n  
d o m a i n s .  T h e r e f o r e ,  t h e  m o s t  o b v i o u s  e x p l a n a t i o n  f or  
t h e  o b s e r v e d  b l o c k  o f  s h u t t l i n g  o f  o l i g o m e r i c  HSF1  
w o u l d  be m a s k i n g  o f  NES a c t i v i t y  in t h e  t r i m  e r i z a t  i o n  
d o m a i n .  T h i s  w o u l d  p r e v e n t  t h e  i n t e r a c t i o n  o f  t h i s  
r e g i o n  o f  HSF1 w i t h  t h e  e x p o r t  m a c h i n e r y  a n d  t r a p  
t h e  p r o t e i n  in t h e  n u c l e u s .  H o w e v e r ,  t h i s  m e c h a n i s m  
r e m a i n s  to be d e m o n s t r a t e d  a n d  is n o t  t h e  o n l y  
p o s s i b l e  wa y  to r e g u l a t e  n u c l e a r  e x p o r t  o f  HS F 1 .  It is 
n o t  c l e a r  w h e t h e r  t h i s  m a s k i n g  is d u e  s o l e l y  t o t h e  
i n t e r a c t i o n  b e t w e e n  t r i m  e r i z a t  i o n  d o m a i n s  or a l s o  
w i t h  o t h e r  n u c l e a r  c o m p o n e n t s .  So f ar ,  as m e n t i o n e d  
i n t h e  i n t r o d u c t i o n ,  it h a s  b e e n  r e p o r t e d  t h a t  HSF1  
i n t e r a c t s  i n v i v o  w i t h  h s p 7 0 , h s p 9 0 a n d  HS B P 1 .  Hs p 7 0 
w a s  f o u n d  t o i n t e r a c t  w i t h  b o t h  i n a c t i v e  a n d  a c t i v e  
H S F 1 ,  w h i l e  h sp 9 0 wa s  c a p t u r e d  in a c o m p l e x  w i t h  
i n a c t i v e  HS F 1 .  A l t h o u g h  in t h e  c a s e  o f  h s p 7 0 t h e  d a t a  
o b t a i n e d  by t w o  d i f f e r e n t  g r o u p s  w e r e  n o t  c o n s i s t e n t ,  
i n t e r a c t i o n s  w i t h  b o t h  h s p 7 0 a n d  h sp 9 0 w e r e  
p r o p o s e d  t o r e p r e s s  HSF1 a c t i v a t i o n  u n d e r  
p h y s i o l o g i c a l  c o n d i t i o n s .  U n d e r  t h e s e  c o n d i t i o n s ,  
HSF1  w o u l d  e x i s t  in a d y n a m i c  c o m p l e x  w i t h  
c h a p e r o n e s .  D u r i n g  h e a t  s t r e s s ,  n o n - n a t i v e  p r o t e i n s  
a c c u m u l a t e  a n d  c o m p e t e  w i t h  HSF1 f or  b i n d i n g  to 
h sp 7 0 or h sp 9 0.  As a r e s u l t ,  t h e  HSF1 - c h a p e r o n e  
c o m p l e x  wi l l  d i s s o c i a t e ,  t h e  c o n c e n t r a t i o n  o f  f r e e  
HSF1  w o u l d  i n c r e a s e  a n d  HSF1 o l i g o m e r i z a t i o n  w o u l d
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be  f a v o u r e d .  D u r i n g  r e c o v e r y  f r o m t h e  s t r e s s
c o n d i t i o n s ,  HSF1 w o u l d  d i s s o c i a t e  b a c k  t o t h e
m o n o m e r i c  f o r m .  D i s s o c i a t i o n  w o u l d  be  f a v o u r e d  
u n d e r  t h e  c o n d i t i o n s  o f  d e c r e a s e d  c o n c e n t r a t i o n  o f  
n o n n a t i v e  p r o t e i n s  ( w h i c h  are  e i t h e r  r e f o l d e d  or
t a r g e t e d  t o d e g r a d a t i o n  by t h e  a c t i o n  o f  t h e
c h a p e r o n e s ) ,  a n d  t h e  HSF1 - c h a p e r o n e  c o m  p l e x ( e s )  
w o u l d  be  a g a i n  f o r m e d .  A l t h o u g h  t h e r e  is no  
c o n c l u s i v e  e v i d e n c e  f or  t h i s ,  t h e  d a t a  o b t a i n e d  so far 
s t r o n g l y  s u g g e s t  i n v o l v e m e n t  o f  c h a p e r o n e s  in 
r e g u l a t i o n  o f  HSF1 . B e s i d e s  t h e i r  p r o p o s e d  r o l e  in
r e p r e s s i o n  o f  HSF1 , t h e  p o s s i b i l i t i e s  t h a t  c h a p e r o n e s  
a r e  i n v o l v e d  in n u c l e o c y t o p l a s m i c  s h u t t l i n g  c a n  n o t  
b e  e x c l u d e d .  H o w e v e r ,  t o f u l l y  a d d r e s s  t h e s e
q u e s t i o n s ,  m o r e  c h a r a c t e r i z a t i o n  o f  HSF1 a n d  
h s p 7 0 / h s p 9 0  is a w a i t e d .
H s p 7 0 is m a i n l y  a c y t o p l a s m i c  at 37 °C a n d
r e l o c a l i z e s  to t h e  n u c l e u s  u p o n  h e a t  s t r e s s  ( W e l c h ,  
1 9 9 3 ) .  Hs p  9 0 is d i s t r i b u t e d  in b o t h  t h e  n u c l e u s  a n d
t h e  c y t o p l a s m  ( G a s c  e t  a l . ,  1 9 9 0 ;  Y a n g  e t  a l . ,  1 9 9 7 ) .
U n l i k e  h s p 7 0 ,  i t s  d i s t r i b u t i o n  d o e s  n o t  c h a n g e  a f t e r  
h e a t  s h o c k .  B o t h  p r o t e i n s  a r e , u n l i k e  HS F 1 ,  v e r y  
a b u n d a n t  a n d  a s u b s t a n t i a l  f r a c t i o n  o f  t h e m  e x i s t s  in 
t h e  c e l l  e i t h e r  in t h e  f o r m o f  m u l t i c h a p e r o n e
c o m p l e x e s  or in a s s o c i a t i o n  w i t h  o t h e r  p r o t e i n s .  In
t h e  l i g h t  o f  s h u t t l i n g  o f  HSF1 , it is w o r t h  n o t i n g  t h a t  
h s p 7 0 i t s e l f  is a s h u t t l i n g  p r o t e i n  ( M a n d e l l  a n d  
F e l d  h e r r , 19 9 0 ) .  In a d d i t i o n ,  it h a s  b e e n  d e m o n s t r a t e d
1 42
t h a t  h s p 7 0 is r e q u i r e d  f or  n u c l e a r  i m p o r t  o f  s o m e  
p r o t e i n s ,  u s i n g  i n v i t r o  a s s a y  w i t h  p e r m e a b  i l i z e d  c e l l s  
( S h i  a n d  T h o m a s ,  1 9 9 2 ) .  In a d d i t i o n ,  t h e r e  is g e n e t i c  
e v i d e n c e  in y e a s t  t h a t  h s p 7 0 a c t s  d u r i n g  b o t h  
t a r g e t i n g  a n d  t r a n s l o c a t i o n  p h a s e s  o f  n u c l e a r  i m p o r t  
( S h u l g a  e t  a l . ,  1 9 9 6 ) .  P r o b a b l y ,  h s p 7 0 a s s i s t s  
f o r m a t i o n  o f  s o m e  i m p o r t  r e c e p  t o r /  c a r g o  c o m p l e x e s .  
On t h e  o t h e r  h a n d ,  t h e r e  is n o  e v i d e n c e  t h a t  h s p 9 0 
c a n  s h u t t l e  b e t w e e n  t h e  n u c l e u s  a n d  t h e  c y t o p l a s m ,  
b u t  it is i n t e r e s t i n g  t h a t  t h e  t r e a t m e n t  o f  t i s s u e  
c u l t u r e  c e l l s  w i t h  m e t a l  o x y a n i o n s ,  s u c h  as m o l y b d a t e ,  
s t i m u l a t e  i n v i t r o  n u c l e a r  e x p o r t  o f  h s p 9 0 ( Y a n g  e t  
a l . ,  1 9 9 7 ) .  T h e  n u c l e a r  e x p o r t  o f  h sp 7 0 ,  
g l u c o c o r t i c o i d  r e c e p t o r  a n d  h n R N P A l ,  b u t  n o t  o f  
h s p 5 6 a n d  h n R N P C ,  wa s  a l s o  s t i m u l a t e d .  S i n c e  h s p 7 0 
a n d  h n R N P A l  ar e ,  u n l i k e  h n R N P C ,  s h u t t l i n g  p r o t e i n s  
i n v i v o ,  i t is p o s s i b l e  t h a t  m e t a l  o x y a n i o n s  a f f e c t  a 
c o m p o n e n t  o f  t h e  n u c l e a r  e x p o r t  p a t h w a y  f or  c o m m o n  
s h u t t l i n g  p r o t e i n s .
HS B P 1  wa s  a l s o  p r o p o s e d  t o n e g a t i v e l y  r e g u l a t e  
HSF1  ( S a n  t y al  e t  a l . ,  1 9 9 8 ) .  HS BP1  is a n u c l e a r  p r o t e i n  
t h a t  i n t e r a c t s  i n v i v o  w i t h  t h e  a c t i v e  t r i m  e r i c  HSF1  
a n d  a l s o  a s s o c i a t e s  w i t h  h s p 7 0 d u r i n g  t h e  a t t e n u a t i o n  
o f  t h e  h e a t  s h o c k  r e s p o n s e  w h e n  HSF1 t r i m e r s  
d i s a s s e m b l e d  b a c k  t o m o n o m e r s .  T h e s e  r e s u l t s  d i d  n o t  
e x c l u d e  t h e  p o s s i b i l i t y  t h a t  HS BP1  i n t e r a c t s  w i t h  
i n a c t i v e ,  m o n o m e r i c  HSF1 a n d  p l a y s  an a d d i t i o n a l  r o l e
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i n HSF1 r e g u l a t i o n ,  f or  e x a m p l e  in n u c l e o c y t o p l a s m i c  
s h u t t l i n g .
T h e  r e s u l t s  p r e s e n t e d  h e r e  p o i n t  t o t h e  m a s k i n g  
o f  n u c l e a r  e x p o r t  a c t i v i t y  as t h e  m o s t  p r o b a b l e  r e a s o n  
f o r  t h e  n u c l e a r  c o n f i n e m e n t  o f  o l i g o m e r i c  HSF1 . It is 
i n t e r e s t i n g  t h a t  a v e r y  s i m i l a r  m o d e  o f  
n u c l e o c y t o p l a s m i c  s h u t t l i n g  r e g u l a t i o n  h a s  b e e n  
p r o p o s e d  f or  p 5 3 ,  in w h i c h  m o n o m e r i c  p 5 3 s h u t t l e s  in 
a n d  o u t  o f  t h e  n u c l e u s  u n d e r  n o r m a l  c o n d i t i o n s  a n d  
i t s  s u b c e l l u l a r  d i s t r i b u t i o n  v a r i e s  d u r i n g  t h e  c e l l  
c y c l e .  U n d e r  s t r e s s  c o n d i t i o n s ,  p 5 3 t e t r a m e r i z e s  a n d  
t e t  r a m e r i z a t  i o n  m a s k s  t h e  l e u c i n e - r i c h  NES  ( w h i c h  
o v e r l a p s  p r e c i s e l y  w i t h  t h e  t e t  r a m e r i z a t  i o n  d o m a i n ) ,  
t h u s  p r e v e n t i n g  i t s  e x p o r t  ( S t o m m e l  e t  a l . ,  1 9 9 8 ) .  In 
t h i s  w a y ,  t e t  r a m e r i c  p 5 3 , w h i c h  is t r a n s c r i p t i o n  a l l y  
a c t i v e ,  r e m a i n s  n u c l e a r .  T h i s  m a y  h a v e  s o m e  
f u n c t i o n a l  s i g n i f i c a n c e  s i n c e  in m a n y  o f  p 5 3 - r e l a t  ed  
t u m o r s  p 5 3 is r e l o c a l i z e d  to t h e  c y t o p l a s m  ( S u n  e t  a l . ,  
1 9 9 2 ) .  A l t h o u g h  d i r e c t  e v i d e n c e  f or  t h i s  t y p e  o f  
r e g u l a t i o n  in t h e  c a s e  o f  HSF1 is m i s s i n g ,  HSF1 wa s  
a l s o  f o u n d  t o be in p a r t  m i s s l o c a l i z e d  in s o m e  t u m o r s  
( H o a n g  e t  a l . ,  2 0 0 0 ) .  W h e t h e r  t h i s  h a s  t o d o  w i t h  t h e  
c h a n g e  in t h e  r a t e s  o f  i m p o r t  a n d / o r  e x p o r t  o f  HSF1  
r e m a i n s  t o be  d e t e r m i n e d .  P o s s i b l y ,  t h e  r a t e s  o f  
n u c l e a r  i m p o r t  a n d  e x p o r t  o f  HSF1 are  s u b j e c t e d  to 
r e g u l a t i o n  i n v i v o .  It h a s  b e e n  d e m o n s t r a t e d  t h a t  
p o s t - t r a n s l a t i o n  m o d i f i c a t i o n s  ( p h o s p h o r y l a t i o n  or 
a c é t y l a t i o n )  c a n  i n f l u e n c e  t h e  r a t e  o f  t r a n s f e r  a c r o s s
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t h e  n u c l e a r  e n v e l o p e  o f  m a n y  p r o t e i n s ,  s u c h  as ,  f or  
e x a m p l e  n u c l e o p l a s m i n ,  N F - AT ,  HN F 4  or c y c l i n  B1 
( V a n c u r o v a  e t  a l . ,  1 9 9 5 ;  Zh u e t  a l . ,  1 9 9  8;  Li e t  a l . ,  
1 9 9 7  ) .  T h i s  is p r o b a b l y  a c h i e v e d  by r e g u l a t i n g  t h e  
a s s o c i a t i o n  o f  a p r o t e i n  w i t h  i t s  i m p o r t  / e x p o r t  
r e c e p t o r  ( K a f f m a n  e t  a l . ,  1 9 9 8 ) .
As  m e n t i o n e d  a b o v e ,  HSF1 is a p h o s p h o p r o t e i n  
a n d  b e c o m e s  h y p e r p h o s p h o r y l a t e d  d u r i n g  h e a t  s t r e s s .  
B a s a l  p h o s p h o r y l a t i o n  o f  HSF1 ( at  r e s i d u e s  3 0 3  a n d  
3 0 7 )  wa s  so far d e m o n s t r a t e d  t o p l a y  a r o l e  in 
s u p p r e s s i n g  t r a n s c r i p t i o n a l  a c t i v i t y  u n d e r
p h y s i o l o g i c a l  c o n d i t i o n s  ( Ch u e t  a l . ,  1 9 9 6 ;  K l i n e  a n d  
M o r i m o t o ,  1 9 9 7  ) .  M o r o v e r ,  t h e  e x a c t  r o l e  o f  s t r e s s -  
i n d u c e d  h y p e r p h o s p h o r y l a t i o n  , as w e l l  as t h e  i d e n t i t y  
o f  t h e  p h o s p h o r y l a t e d  r e s i d u e s ,  r e m a i n s  u n s o l v e d .  It 
i s  p o s s i b l e  t h a t  p h o s p h o r y l a t i o n  is i m p o r t a n t  in HSF1  
t r a f f i c k i n  g .
W h y  d o e s  HS F 1 ,  a c c u m u l a t e d  at s t e a d y  s t a t e  in 
t h e  n u c l e u s ,  w h e r e  it e x e r t s  i t s  b i o l o g i c a l  f u n c t i o n ,  
n e e d  t o be  c o n s t a n t l y  e x p o r t e d  t o t h e  c y t o p l a s m ?  
T h e r e  are  t w o  p o s s i b l e  a n s w e r s  t o t h i s  q u e s t i o n .  F i r s t ,  
b i d i r e c t i o n a l  m o v e m e n t  o f  HSF1 t h r o u g h  t h e  NP C m a y  
p l a y  a r o l e  in HSF1 r e g u l a t i o n .  S e c o n d ,  HSF1 s h u t t l i n g  
i s  a f u t i l e  c y c l e .  T h e  l o g i c  a n d  e s p e c i a l l y  t h e  g r o w i n g  
n u m b e r  o f  r e p o r t s  in t h e  n u c l e o c y t o p l a s m i c  t r a n s p o r t  
f i e l d ,  h o w e v e r ,  a r g u e  in f a v o r  o f  t h e  f i r s t  p o s s i b i l i t y .  
S e v e r a l  s c e n a r i o s  c a n  be e n v i s a g e d .  F i r s t ,  n u c l e a r  
e x p o r t  o f  HSF1 at p h y s i o l o g i c a l  c o n d i t i o n s  m a y  be
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i n v o l v e d  in m o n o m e r  m a i n t e n a n c e .  T h i s  c o u l d  be  
a c h i e v e d  t h r o u g h  t h e  i n t e r a c t i o n s  o f  HSF1 w i t h  s o m e  
c y t o p l a s m i c  c o m p o n e n t s  t h a t  c o n t r i b u t e  t o t h e  
s u p p r e s s i o n  o f  t r i m  e r i z a t  i o n .  T h e  c a n d i d a t e s  f or  t h e  
c y t o p l a s m i c  i n t e r  a c t o r s  c o u l d  be e i t h e r  e n z y m e s  t h a t  
m o d i f y  HS F 1 ,  or c h a p e r o n e s .  For  e x a m p l e ,  e i t h e r  
c o m p  a r t m e n t - s p e c i f i c  p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n ,  
or  t r a n s i e n t  a s s o c i a t i o n  w i t h  c h a p e r o n e s  c o u l d  be  
i m p o r t a n t .  If t h e s e  i n t e r a c t i o n s  are  p e r t u r b e d  d u r i n g  
s t r e s s  c o n d i t i o n s ,  t h i s  w o u l d  d e s t a b i l i z e  t h e  m o n o m e r  
a n d  o l i g o m e r i z a t i o n  w i l l  be  f a v o u r e d .  F u r t h e r m o r e ,  
HSF1  m o n o m e r s  m a y  be  " s e n s i n g "  t h e  c y t o p l a s m i c  
e n v i r o n m e n t ,  a n d  d e t e c t i n g  s u s t a i n e d  f o r m s  o f  s t r e s s .  
U n l i k e  h e a t  s t r e s s ,  w h i c h  is a s e v e r e  a n d  a c u t e  
e x p e r i m e n t a l  s t r e s s ,  it is p o s s i b l e  t h a t  i n v i v o  HSF1 is 
c a p a b l e  o f  r e s p o n d i n g  t o m o r e  s u b t l e  c h a n g e s  in c e l l  
p h y s i o l o g y .  T h u s ,  by m o n i t o r i n g  t h e  c y t o p l a s m ,  
( p e r h a p s  t h r o u g h  t r a n s i e n t  i n t e r a c t i o n s  w i t h  
p r o t e i n s / e n z y m e s  or w i t h  a s m a l l  l i g a n d  or a 
m e t a b o l i t e ) ,  HSF1 c an " s e n s e "  t h e  c h a n g e s  i n d u c e d  by  
s u s t a i n e d  s t r e s s  s i g n a l s .  T h e  i n t e r a c t i o n s  w i t h  t h e s e  
c o m p o n e n t s  w o u l d  s o m e h o w  " m o d i f y "  HSF1 a n d  
t r i g g e r  or s e t  t h r e s h o l d s  f or  i t s  a c t i v a t i o n .  O n c e  
" m o d i f i e d "  in t h e  c y t o p l a s m ,  HSF1 w o u l d  be  
r e i m p o r t e d  i n t o  t h e  n u c l e u s  in a "p r e - a c t i v a t e d  " 
s t a t e .  T h e s e  t w o  p o s s i b i l i t i e s  are  n o t  m u t u a l l y  
e x c l u s i v e  a n d  t o g e t h e r  w i t h  a m o d e l  p r e s e n t e d  in 
F i g u r e  21 r a i s e  an i m p o r t a n t  p o i n t  to d i s c u s s .  S i n c e
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HSF1  is e x p o r t e d  at t h e  m i n i m u m  r a t e  o f  1 
m o l e c u l e / s e c o n d ,  it is r e a s o n a b l e  t o a s s u m e  t h a t  at 
a n y  g i v e n  m o m e n t  t h e  c o n c e n t r a t i o n  o f  HSF1  
m o n o m e r s  in t h e  c y t o p l a s m  is v e r y  l o w .  On t h e  o t h e r  
h a n d ,  o l i g o m e r i z a t i o n  o f  HSF1 , as d i s c u s s e d  a b o v e ,  is 
c o n c e n t r a t i o n  d e p e n d e n t ;  h e n c e  t h e  c y t o p l a s m i c  p o o l  
o f  HSF1 is p r o b a b l y  i n s u f f i c i e n t  f or  t h e  p r o t e i n  t o  
o l i g o m e r i z e .  T h i s  w o u l d  i m p l y  t h a t  i n v i v o  
o l i g o m e r i z a t i o n  t a k e s  p l a c e  in t h e  n u c l e u s ,  a l t h o u g h  
i t  wa s  d e m o n s t r a t e d  t h a t  t h e  n u c l e a r  e n v i r o n m e n t  is 
n o t  r e q u i r e d  f or  HSF1 t o t r i m e r i z e  ( G r o s z  e t  a l . ,  
1 9 9 6 ) .  F i n a l l y ,  it is p o s s i b l e  t h a t  HSF1 h a s  an 
u n k n o w n  r o l e  in t h e  c y t o p l a s m  a n d  t h e r e f o r e  n e e d s  to 
b e  c o n s t a n t l y  e x p o r t e d  f r o m t h e  n u c l e u s .  C o n s i d e r i n g  
i t s  l o w  a b u n d a n c e ,  it is u n l i k e l y  t h a t  HSF1 ac t  as a 
t r a n s p o r t e r  o f  o t h e r  m o l e c u l e s  ( u n l e s s  t h e  c a r g o e s  are  
a l s o  l o w  a b u n d a n c e  f a c t o r s ) .
W h i l e  t h e  e x p o r t  p a t h w a y s  as w e l l  as t h e  
f u n c t i o n a l  s i g n i f i c a n c e  o f  s h u t t l i n g  o f  p r o g e s t e r o n e  
a n d  g l u c o c o r t i c o i d  r e c e p t o r s  is s t i l l  o b s c u r e ,  n u c l e a r  
e x p o r t  o f  p 5 3 ( m e d i a t e d  by h d m 2 ) h a s  b e e n  s u g g e s t e d  
t o  p l a y  a r o l e  in r e g u l a t i n g  t h e  l e v e l  o f  t h i s  p r o t e i n  
( R o t h  e t  a l . ,  1 9 9  8 ) .  It s e e m s  u n l i k e l y  t h a t  t h e  s a m e  
w o u l d  a p p l y  f or  HSF1 , c o n s i d e r i n g  t h a t  HS F 1 ,  u n l i k e  
p 5 3 ,  s e e m s  to be a s t a b l e  p r o t e i n .  R a t h e r ,  t h e  e x p o r t  
r a t e  a n d  s t a b i l i t y  o f  HSF1 ( a s s a y e d  u n d e r  c o n d i t i o n s  
w h e n  d e  n o v o  p r o t e i n  s y n t h e s i s  is b l o c k e d  by  
c y c l o h e x i m i d e )  i m p l i e s  t h a t  t h e  w h o l e  HSF1 p o o l  in a
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He  La c e l l  ( 3 0 , 0 0 0  m o l e c u l e s )  s h u t t l e s  b a c k  a n d  f o r t h  
s e v e r a l  t i m e s  d u r i n g  e a c h  i n t e r p h a s e .  T h i s  is in 
a g r e e m e n t  w i t h  p r o p o s e d  r o l e s  f or  HSF1 c y c l i n g ,  s u c h  
as  m o n o m e r  m a i n t e n a n c e  or c y t o p l a s m i c  s u r v e i l l a n c e .
R e c e n t l y ,  d y n a m i c  c h a n g e s  o f  i n t r a c e l l u l a r  
l o c a l i z a t i o n  o f  HS Fs  h a v e  b e e n  f o u n d  in p l a n t s .  HS F A 2 ,  
e x p r e s s e d  in a s t r e s s - d e p e n d e n t  m a n n e r  is a s h u t t l i n g  
p r o t e i n  ( H e e r k l o t z  e t  a l . ,  2 0 0 0 )  l o c a l i z e d  t o t h e  
c y t o p l a s m  d u e  t o t h e  p r e s e n c e  o f  t h e  l e u c i n e - r i c h  NES  
l o c a t e d  at t h e  v e r y  c a r b o x y - t e r m  i n u s.  B o t h  d e l e t i o n s  
o f  t h i s  r e g i o n  a n d  LM B t r e a t m e n t  i n d u c e d  n u c l e a r  
a c c u m u l a t i o n  of  HS F A2 .  T h e  s e q u e n c e  o f  t h e  NES in 
H S F A 2  is s o m e w h a t  c o n s e r v e d  in m o u s e  HSF1 a n d  is 
l o c a t e d  i m m e d i a t e l y  a d j a c e n t  t o t h e  c a r b o x y - t e r m i n a l  
l e u c i n e  z i p p e r ,  c o m p r i s i n g  r e s i d u e s  41 0 - 4 2 0 .  H o w e v e r ,  
i t  is u n l i k e l y  t h a t  t h i s  s e q u e n c e  is r e s p o n s i b l e  f or  t h e  
n u c l e a r  e x p o r t  o f  HSF1 , b e c a u s e  t h e  s h u t t l i n g  o f  HSF1  
i s  n o t  s e n s i t i v e  t o LM B.  In a d d i t i o n ,  a d e l e t i o n  
m u t a n t ,  GF P - HS F 1  (1 - 4 0 7 ) ,  in w h i c h  t h i s  s e q u e n c e  h a s  
b e e n  r e m o v e d ,  wa s  n o t  i m p a i r e d  in s h u t t l i n g  ( d a t a  
n o t  s h o w n ) .  It is t h e r e f o r e  p o s s i b l e  t h a t  d i f f e r e n t  
p a t h w a y s  are  u t i l i z e d  in p l a n t  a n d  m a m m a l i a n  c e l l s  
f o r  HSF n u c l e a r  e x p o r t .  T h e  f i n d i n g  t h a t  s h u t t l i n g  as 
a p h e n o m e n o n  is c o n s e r v e d  f or  b o t h  p l a n t  HS F A2  a n d  
m a m m a l i a n  HS F 1 ,  s t r o n g l y  a r g u e s  in f a v o u r  o f  
s h u t t l i n g  p l a y i n g  a r o l e  in HSF 1 f u n c t i o n s .  W h e t h e r  
t h a t  r o l e  w i l l  be  s i m i l a r  in b o t h  m a m m a l i a n  a n d  p l a n t  
c e l l  r e m a i n s  to be s e e n .  It w i l l  be i n t e r e s t i n g  to c h e c k
148
i f  s h u t t l i n g  is a l s o  c o n s e r v e d  in o t h e r  m e m b e r s  o f  t h e  
HS F  f a m i l y ,  s u c h  as H S F 2 , w h i c h  are  s u b j e c t e d  t o o t h e r  
m o d e s  o f  r e g u l a t i o n .
T o  c o n c l u d e ,  t h e  r o l e  f or  HSF1 s h u t t l i n g  c a n  be  
p r o p e r l y  u n d e r s t o o d  o n l y  by i d e n t i f y i n g  t h e  NES  a n d  
t h e  e x p o r t  p a t h w a y  HSF1 u t i l i z e s .  Af t e r  t h a t ,  e x p o r t -  
d e f e c t i v e  m u t a n t s  o f  HSF1 c a n  be g e n e r a t e d  a n d  t h e i r  
p h e n o t y p e  t e s t e d  ( b y  m o n i t o r i n g  t h e  e x p r e s s i o n  o f  
e n d o g e n o u s  HSF1 t a r g e t  g e n e s )  f o l l o w i n g  r e s t o r e d  
e x p r e s s i o n  in HSF1 n u l l  c e l l s .  T h i s  w o u l d  u l t i m a t e l y  
h e l p  t o e l u c i d a t e  t h e  r o l e  o f  n u c l e a r  e x p o r t  in HSF1  
r e g u l a t i o n ,  w h i c h  is o n e  o f  t h e  m a i n  c h a l l e n g e s  a h e a d  
i n t h e  f i e l d  o f  h e a t  s h o c k  r e s p o n s e .
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